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ROCK CLEAVAGE. 



By Charles Kenneth Leith. 



intrqductio:n^. 

DEFINITION OF CLEAVAGE. 

Rock cleavage, as commonly defined in geological text-books, in 
effect, is a rock structure by virtue of which the rock has the capacity 
to part along certain parallel surfaces more easily than along others. 
It is possessed by a considerable proportion of the rocks of the litho- 
sphere. It is usually distinguished from actual partings of a similar 
nature. The parallel structures may be original or secondary. 

(1) Original structures are induced in the rock mainly during its 
solidification from a magma or deposition in water, though perhaps 
modified by subsequent static metamorphism. They comprise sedi- 
mentary l)edding, flow structure of lavas, certain gneissic structures, 
and iX5gmatite structures. 

(2) Secondary' structures are induced by deformation through meta- 
morphic processes subsequent to the formation of the rock. The}^ 
have been given various names, such as cleavage, slatiness, schistosity, 
foliation, fissility, etc. 

Generally, the secondary structure only has been considered under 
cleavage, but it is apparent that there is nothing in the definition 
of the term, rock cleavage, as above given, to prevent its applica- 
tion to any of these structures, whether original or secondary. It 
was so applied by Le Conte." The writer believes that the facts 
presented in this paper will justify the conclusion that there is no 
essential difference between the original and the secondar}'^ structures; 
that in some cases they are not to Ije discriminated with certainty, 
and that both should be included under rock cleavage. Therefore, 
the term cleavage will be used as above defined; it will be confined 
to structure, and will have no significance as to origin. Where the 

(iSayn lAMVmtc: "ThiM Mtructure in UMuully treated under metamorphic roekjs, as a kind of meta- 
morpbixni: but it i.** found in rockn whi(*h have not undergone ordinary metamorphic changes, and 
it is productMl by an entirely different cause." Le Conte, J., Elements of Geologry, 4th ed., 1896, 
p. 189. 
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ROCK CLEAVAOE. 



[BULL. 239. 



origin of the structun* is chnir the term original, or secondary, may 
be prefix<»d. 

The applimtion of terms pertulning to cleavage, as here used, is 
summarized in the following table: 

OriifinnI rharmje. ( IVntochwe or originalHtleavage rock. ) 
IknMinj^. 

Flow Htructiiro in hiv&'i. 
Pamllfl structurt' in certain gnelHses. 
Pt^gniatitic structure. 

Parallel ptnicture due to the arrangement of feldspars in 
certain gabbron, etc. 

(Flow dexivage. Including in whole or 
i n ])art : ' ' U itimate cleavage ' ' of 
Sorby , * 'Cleavage* * of most writers, 
* * Slaty cleavage, " " Cleavage 



Rock cleavage. (Cleav 
able rock. ) 



*' etc. 
Schistosity. (Schists. ) 



proper, 
3hi 



Secondary cleavage. 

(Metaclaseor second-* 

ary-cleavagerock. ) 



Slatiness. (Slates.) 

Parallel structure in certain gneisses. 
(Comes partly under schistosity.) 
Fracture cleavage. Including in whole 
or in part: 

Close joints cleavage. 

False cleavage. 

Strain slip cleavage. 

Slip cleavage. 

Ausweichungs cleavage. 

Fissility in part. (The t«rm is re- 
tained for closely spaced parallel 
partings. ) 

Rift. 

In this classification several new terms required for the systematic 
classification of cleavage structures and cleavable rocks have been 
introduced. Protodase may be defined as a rock possessing a cleav- 
age originally developed during sedimentation under water or cooling 
from magma, such as bedding, flow structure, etc. Metdclase may be 
defined as a rock possessing a cleavage secondarily developed during 
rock deformation. Secondary cleavage is considered under the heads 
of frachire cleavage and floiD cleavage. Fracture cleavage is condi- 
tioned by the existence of incipient, cemented, or welded parallel 
fractures, and is independent of a parallel arrangement of the mineral 
constituents. Flow cleoA^age is conditioned solely by a parallel 
arrangement of the mineral constituents. Fracture cleavage is a phe- 
nomenon of the zone of fracture, and flow cleavage of the zone of rock 
flowage. The structures are correlative, just as jointing and folding 
are correlative. The fitness of these terms will not be argued here, 
but it is hoped that it will appear from the following discussion. 

IMPORTANCE OF METACLASIC STRUCTURE OR SECONDARY ROCK 

CLEAVAGE. 

Secondary rock cleavage is found wherever rocks have been much 
deformed under conditions of rock flowage, and especially in moun- 
tainous areas and regions of ancient crystalline rocks. The correct 
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interpretation of the structure throws light on the nature of rock 
deformation in general and its relation to the stresses producing it, 
and hence is of fundamental significance in determining the nature 
of mountain-making movements and stresses. Since so large a pro- 
portion of the rocks of the lithosphere develop this peculiar structure 
in adjusting themselves to the earth's stresses, there is warrant for 
the attempt to determine the true nature of the structure and the rea- 
son for its occurrence. 

LITERATURE ON SECONDARY ROCK CLEAVAGE. 

The literature on secondary rock cleavage is voluminous, but the 
conclusions thus far reached are so diverse that the geologist is still in 
doubt as to the true explanation of the phenomenon. An attempt is 
made below to outline the well-known hypotheses and to indicate what 
points are still under controversy. 

The English geologists seem to have been the first to seriously 
attempt the explanation of secondary rock cleavage. Among them 
Sedgwick* should receive the first mention. His theory (proposed in 
1829), that cleavage is due to the parallel arrangement of individual 
particles making up the rock mass, caused by ''crystalline oa* polar" 
forces acting on the whole mass "simultaneously in given directions" 
and "with adequate power," was long and widely accepted. In 1838 
Fox * published an account of the development of cleavage in clay used 
in the separation of copper and zinc in an electric battery. Because of 
the work of Sedgwick and Fox, cleavage was usually explained in the 
first half of the last century as due to "crystalline," "polar," or 
"magnetic" forces, terms evidently carrying somewhat vague mean- 
ings and well illustrating the state of knowledge on the subject at that 
time. 

About the middle of the last centur}^ there appeared notable contri- 
butions to the subject by Darwin,^ Dana,^ Sharpe,^ Sorby,-^ Tyndall,^ 

oSedgrwick, Adam, Remarks on the structure of large mineral masses, and especially on the chem- 
ical changes produced in the aggregation of stratified rocks during different periods after their depo- 
dtions: Trans. Geol. Soc. London, 2d ser., vol. 3, pt. 1, 1835, pp. 461^86. 

6 Fox, R. W., On the lamination of clay by electricity: Edinburgh New Philos. Jour., old ser., vol. 
25, 1838, pp. 196-198. 

c Darwin, Charles, Geological Observations on South America during Years 1832-1836, pp. 161-168. 
Published in 1846. 

dDana, J. D., Silliman's Am. Jour., 1st ser., vol. 45, 1843, pp. 107-108. 

f Sharpe, Daniel, On slaty cleavage: Quart. Jour. Geol. Soc., vol. 3, 1847, pp. 74-105, and vol. 5, 1849, 
pp. 111-129. On the arrangement of the foliation and cleavage of the rocks of the north of Scot- 
land: Philos. Trans. Royal Soc. for 1852, 1852, pp. 445-461. Contains references to early work by De la 
Beche, Austin, Hunt, Murchison, and others. 

/Sorby, H. C, Edinburgh New Philos. Jour., old ser., vol. 55, 1853, pp. 137-148; ibid., new ser., vol. 4, 
1856, p. 339 et seq.; ibid., vol. 6, 1857, p. 316 et seq.; Philos. Mag., 4th ser., vol. 11, 1856, pp. 20-36; ibid., 
vol.12, 1856, pp. 127-128; Quart. Jour. Geol. Soc. for Nov., 1863, pp. 401-406. 

ffTyndall, John, Comparative view of the cleavage of crystals and slate rocks: Philos. Mag., 4th 
ser., vol. 12, 1856, pp. 35-47, 129-135. 
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and Phillips.'' All subsequent contributions have contained in whole 
or in part the essential conclusions of these men. Among" those who 
have added to or modified the theories of rock cleavage propK>8ed by 
the scientists above named, the following should be particularly men- 
tioned: King,* Daubree/ Harker,'' Becker/ Van Hise,^ Hoskins,^' 
and Adams and Nicolson.'^ Many other names might well be included, 
such as Dale/ Hutc*hings,-' and Reade and Holland,* but the men named 
have suggested, emphasized, or modified some particular feature of 
the subject, and a discussion of their conclusions will indicate with a 
fair degree of clearness the present state of knowledge of the subject, 
and will obviate a tedious bibliographical discussion. 

SECONDARY CLEAVAGE IN ITS RELATION TO A PARALLEL ARRANGEMENT 

OF MINERAL CONSTITUENTS. 

All the writers above named, except Tyndall, King, Daubr^e, and 
Becker, have assumed rock cleavage to be for the most part dependent 
on a parallel arrangement of the greatest, mean, and least dimensions 
of the mineral particles of unequal dimensions making up the rock 
mass. Sorby^ was the first to maintain that the best cleavage exists 
in rocka which contain mine mis ''whose length and thickness diflfer 
most." Dana''* and Van Hise" have in addition proposed and amplified 
the idea that the mineral cleavage of the parallel-arranged particles 

n Phillips, John, Report on cleavage and foliation in rocks, and on the theoretical explanation of 
these phenomena (pt. 1): Kept. 26th Meeting Brit. Assoc. Adv. Sci., held 1856, pp. 369-396. Published 
in 1857. 

bKing, W., On the structure of rocks called jointing: Trans. Royal Irish Acad., vol. 25, 1875, pp. 
605-662. 

oDaubr6e, A., Geologic exp6rimcntalc, vol. 1, 1879, pp. 407-418. 

d Barker, A., On slaty cleavage and allied rock structures, with special reference to the mechanical 
theories of their origin: Rept. 55th Meeting Brit. Assoc. Adv. Sci., held 1885, published in 1886, pp. 813- 
852. Contains bibliography. 

« Becker, G. F., Finite homogeneous strain, flow, and rupture of rocks: Bull. Geol. Sec. America, 
vol. 4, 1893, pp. 13-90. Schistosity and slaty cleavage: Jour. Geol., vol. 4, 1896, pp. 429-448. Exi)eri- 
ments on schistosity and slaty cleavage: Bull. U. S. Geol. Survey No. 241, 1904, 32 pp. 

/Van Hise, C. R., Principles of North American pre-Cambrian geology: Sixteenth Ann. Rept. U. S. 
Geol. Survey, pt. 1, 1896, pp. 633-668. Deformation of rocks, pt. 3, Cleavage and fissility: Jour. Geol., 
vol. 4, 1896, pp. 449-483. Metamorphism of rocks and rock flowage: Bull. Geol. Soc. America, vol. 9, 
1898, pp. 269-328. A treatise on metamorphism: Mon. U. S. Geol. Survey, vol. 47, 1904, pp. 748-763. 

(/Hoskins, L. M., Flow and fracture of rocks as related to structure: Sixteenth Ann. Rept. U. S. 
Geol. Survey, pt. 1, 1896, pp. 845-874. 

/^ Adams, F. D., and Nicolson, J. T., An experimental investigation into the flowage of marble: 
Philos. Trans. Royal Soc. London, ser. A, vol. 195, 1900, pp. 363-401. 

*Dale, T. N., The slate belt of eastern New York and western Vermont: Nineteenth Ann. Rept. 
U. S. Geol. Survey, pt. 3, 1899, pp. 163-307. Contains bibliography. Structural details in the Green 
Mountain region and in eastern New York: Sixteenth Ann. Rept. U. S. Geol. Survey, pt. 1, 1896, pp. 
549-570. 

iHutchings, W. M., Clays, shales, and slates: Geol. Mag., new ser., dec. 4, vol. 3, 1896, pp. 309-817, 
343-350. 

fc Reade, T. M., and Holland, Philip, The green slates of the Lake district, with a theory of slate 
structure and slaty cleavage: Proc. Liverpool Geol. Soc, 1900-1901, pp. 101-127. The phyllades of the 
Ardennes compared with the slates of North Wales: Proc. Liverpool Geol. Soc, pt. 1, 1897-98, pp. 
274-293, and pt. 2, 1899-1900, pp. 463-478. 

? Philos. Mag., vol. 12, 1856, p. 128. 

»»Loc. cit., p. 107. 

"Jour. Geol., vol. 4, 1896, p. 453. 
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may aid in giving a secondary rock cleavage. Dana's conclusion is 
expressed in the words, '^Modern igneous rocks are laminated, and in 
general more or less so according to the quantity and cleavability of 
the cleavable minerals they contain. Mica, the most perfectly foliated 
mineral, produces, when abundant and not overruled by other con- 
stituents, the most perfectly laminated rock." Van Hise has concluded 
that "rock cleavage is due to the arrangement of the mineral particles 
with their longer diameters or readiest cleavage, or both, in a common 
direction." 

On the other hand, Tyndall^ and Daubree* performed experiments 
from which they concluded that secondary rock cleavage is independ- 
ent of any parallel arrangement of the constituent particles. Kiilg*^ 
also maintained that cleavage, while perhaps in part due to a flaky or 
dimensional arrangement of the mineral constituents, ''is essentially 
the result of pressure exerted against divisional planes, chiefly belong- 
ing to jointing, that existed in any given rock prior to its becoming 
affected by such pressure." Becker,^^ largely from a mathematical and 
experimental analysis of the relations of cleavage to pressure, later 
reached the conclusion that cleavage is essentially independent of any 
parallel armngement of the mineral constituents, although such par- 
allel arrangement may be present as an incidental result of the devel- 
opment of cleavage.^ 

MANNER IN WHICH A PARALLEL ARRANGEMENT OF MINERAL CONSTIT- 
UENTS IS BROUGHT ABOUT. 

Those who maintain that the parallel arrangement of minerals is an 
essential condition for secondary rock cleavage differ among them- 
selves as to the manner in which this arrangement is brought about. 
Sedgwick and Fox, followed by others, referred the parallel arrange- 

aPhilos. Mag., vol. 12, 1856, p. 37. 

bG^ologie exp^rimentale, vol. 1, 1879, p. 413. 

c Trans. Royal Irish Acad., vol. 25, 1875, p. 657. 

dBull. Geol. Soc. America, vol. 4, 1893, pp. 79, 80. 

c Becker summarizes his view as follows (Nineteenth Ann. Rept. U. S. Geol. Survey, pt. 3, p. 206): 

"Slaty cleavage is produced when a solid but plastic mass, firmly supported on one side, experi- 
ences a pressure on the opposite side which is not perpendicular to the supporting surface. The ^ 
resulting cleavage has a direction intermediate between that of the applied force and the fixed sup- 
port. The cleavage itself makes with the deforming force an angle which may vary between a very 
small value and one equaling or even exceeding 46°. The firm support of the deformed rock required 
by the theory may be afforded either by a purely material resistance or by any combination of forces 
which prevents the mass from rotating as a whole while undergoing deformation. Lateral pressures 
not equal in all directions appear to be of minor importance so long as they do not interfere with the 
condition that the angle between the resultant force and the fixed support shall differ sensibly from 
90°. The origin of the cleavage as conceived in this theory is incipient "solid flow," which is a differ, 
ent thing from liquid flow. The production of cleavage should usually "be accompanied by the for- 
mation of master joints at angles to the cleavage approaching 90°, and the direction of the pressure is 
perpendicular to the intersection of the cleavage with such joints, intersecting (but not exactly 
bisecting) the obtuse angle. The grain of the slate should be parallel to this intersection. In general 
there should be an elongation in the direction of the grain and a contraction in the plane of cleavage 
at right angles to the grain." 

See also Becker, G. F., Experiments on schistosity and slaty cleavage: Bull. U. S. Geol. Survey No. 
241, 1904. 
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mont to ••crvstallino," •*polar," or ** galvanic" forces. Darwin" 
supposeil tho arrangement to liave been induced by "tension," 
*MM>fore tho final i*on.solidation of the mass and the total cessation 
of moleoular movement."' Sorby* assumed the previous existence 
of flat particles and supposeil their arrangement to be due to rota- 
tion during the seci^ndary deformation of a rock by shortening of 
the rock mass in one direction and elongation in a perpendicular 
direction, but he concluded also that other particles may have been 
flattened in situ, and that some of the parallel flat particles are 
seiM>ndary developments, particularly in "schists," which he dis- 
tinguished fi*om ** slates." Sharpe*" supposed every particle in a 
deformed rook to have taken part in the elongation and shortening 
which the roi»k underwent, thus accounting both for the flatness of the 
particles and for their {mrallel arrangement. Sharpe** concluded also 
that, while " no c*onnection has been detected between cleavage and 
crystallization beyond the tendency of mica and talc to arrange them- 
selves along the planes of cleavage/' still on these planes "there would 
be tho least resistance to their intrusion or formation" and the devel- 
opment of such minerals "ma}" have been a subsequent operation." 
Van Hise* believes the causes of the parallel arrangement condition- 
ing rock cleavage to be, first and of most importance, the parallel 
development of new minerals; second, the flattening and parallel rota- 
tion of old and new mineral particles; and third and of least impor- 
tance, the rotation into approximately parallel positions of particles 
which had originally a random arrangement. Van Hise thus diflfers 
from Sorby in maintaining the predominance of the new development 
of minerals, which was suggested by Sorby only as a minor detail. 
Adams and Nicolson deformed limestone at temperatures of 300^ and 
400° C, and obtained a flattening of calcite particles, and thus a par- 
allel structure, through twinning and gliding, a movement which 
occurs also in the deformation of metals and ice. At ordinary tem- 
peratures the flattening produced in this way was associated with actual 
granulation of the particles. Comparing the results of experiments 
with the deformation observed in marbles in the field, they concluded 
'that while " recrystallization undoubtedly plays an important, and in 
many cases probably a chief, part in the groat movements which are 
observed to have taken place in tho limostonos of contorted districts, 
this process is by no moans tho only ono by which such movements are 
brought a))out.'V Thoy may bc^ brought al)()ut by tho development of 
cataclastic* structuro and through gliding and twinning of the constit- 

(iPhiloH. Mhk.. vi»1. 12, \m\, |». HIH. 

/' KaiiiburKh Nt'W I'I»11«»n. .hnir,, vol. ftA. iHAtt, |i|i. IIIV UM, guwrt. .lour. CJwl. 8<)c., vol. 19, 186S, 
pp. m-AWl 

'•Ciuart. Jour. (lool. Ho<\, vol. a, IM7, p. li Km. 

'<t|uiirt. Jour. (Jool. Hoo., v<»l. h, IMW, p. IV«. 

"Jour. (}(M)I., vol.4, IHIMI, p. 4t>», HlNlttfiHlli Amu, Hi^pl. |), 14, MmhI. NP |86,p.685. 

' /PhlloM. TmUM. Huyul Hoo. I^oiitlott, mr, A. vol, iMft. IMINI, p. HMM, 
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uent crystal particles. The latter processes give a parallel arrange- 
ment of the particles. They concluded further that the ' ' flowage of 
the granite and other harder crystalline rocks" (and, presumably, a 
parallel arrangement of the deformed particles) might be induced in 
much the same wa3\* 

The processes resulting in the deformation of rock masses have been 
discussed by many other writers,* who do not emphasize the develop- 
ment of parallel arrangement of mineral particles, resulting from the 
deformation. 

TWO STRUCTURES INCLUDED UNDER CLEAVAGE, ONE OF THEM NOT 
DEPENDENT UPON A PARALLEL ARRANGEMENT OF MINERAL CON- 
STITUENTS. 

Sorby,^ in 1857, showed that cleavage properly included two dis- 
tinct phenomena, a capacity to part along incipient parallel fractures 
'independent of any parallel arrangement of the minerals, and a 
capacity to part parallel to, and conditioned by, the parallel arrange- 
ment of the mineral constituents. The first he called "close-joints 
cleavage," and the second "ultimate structure cleavage." A similar 
view was held in 1878 by Professor Heim,^ who discriminated an 
"ausweichungs cleavage" which results from a succession of small 
displacements or faults, usually in connection with overfolds, and 
independent of any parallel arrangement of mineral constituents, from 
another cleavage called in part "micro-cleavage," which is dependent 
for its existence on the parallel arrangement of the mineral constitu- 
ents. Harker/ in 1886, used the term cleavage " in a sense suflSciently 
wide to include not only the structure discussed under the name slaty 
cleavage proper, but also other structures, which though effectively 
identical with it have been produced in a different manner;" that is, 
in the manner described by Sorby and Heim for their "close joints" 
and " ausweichungs " cleavage. Van Hise-^ in 1896 distinguished 
cleavage or capacity to part, dependent on a parallel arrangement of 
the mineral constituents, from Jissility^ "a structure in some rocks by 
virtue of which they are already separated in parallel laminae in a 
state of nature," and do not necessarily require a parallel arrangement 
of the mineral constituents, although this is usually developed in rocks 
showing this structure. As thus defined, fissility is a phenomenon 
quite separate and distinct from cleavage. But Van Hise in a subse- 
quent discussion used the term fissility also for rocks in which the 

a Adams, F. D., and Nicolson, J. T., An experimental investigation into the flowage of marble: 
Phi los. Trans. Royal Soc. London, ser. A., vol. 195, 1900, p. 399. 

6 See excellent summary by Adams, op, eit. 

cRept. 27th Meeting Brit. Assoc. Adv. Sci., held 1857, p. 92. Published in 1858. 

dUber den Mechanismus der Gebirgsbildung, vol. 2, 1878, pp. 51-58. 

«Rept. 55th Meeting Brit. Assoc. Adv. Sci., held 1885, p. 836. Published in 1886. Contains bibli- 
ography. 

/Sixteenth Ann. Rept. U. S. Geol. Survey, pt. 1, 1896, p. 633. Jour. Geol., vol. 4, 1896, pp. 449-450. 

Bull. 239—05 2 
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imrullel frai'turos aro inripioiit or have been cemented or welded, giv- 
ing tlio rock a (*ai)acity to part, or cleavage, rather than an actual 
partiiij^. Other terms which have l>een used for cleavage developed 
in this manner are rift, fault-slip cleavage, slip cleavage, and false 
cleavage. 

FAI/»E CLKAVAOK. 

'^ False clouvago," or ''grain," or '"Iwite cleavage," normal to cleav- 
age proper, was not4»d by sevenil of the early observers, Sedgwick,^ 
Phillips,* and De la Ifeche,'* and by many later investigators. Sharpe 
and many following him have concluded that the structure is due to 
breaking along the greater or mean axes of the mineral particles 
arranged pimllel, Imt others have held that the structure is due to 
obscure divisional planes developed in the manner of fracture cleavage. 

CLEAVA(}E IN ITS REIJITIONS TO DIRECTION OF APPLICATION OF THE 

PRESSURE PRODUCING IT. 

Concerning the relations of secondary cleavage or parallel arrange- 
ment of minerals, or both, to pressure, there is again considerable dif- 
ference in the views held. Sharpe,'' Sorby,*" and TyndalK held that 
cleavage develops in planes normal to the greatest pressure, the two 
latter having produced it in such planes experimentally. Sharpe sup- 
posed also that heat and "galvanism" may have helped pressure, and 
Sorby admitted the existence of another cleavage structure, his " close- 
joints cleavage," presumably developed with inclination to the pressure 
in the manner of joints. King argued that slaty cleavage is the result 
of '' pressure exerted against divisional planes, chiefly belonging to 
jointing, that existed in any given rock prior to its becoming affected 
by such pressure,"^ the preexisting divisional planes having developed 
in planes inclined to the greatest compression in a manner common to 
jointing structures. Daubr^e ^ produced cleavage pamllel to the direc- 
tion of flow by forcing plastic clay through a cylinder. Becker,* in 
1893 and 1904, maintained on mathematical grounds that slaty cleav- 
age is developed along planes inclined to the greatest pressure. In 

a Synopsis Classification British Paleozoic Rocks, London, 1854, \k xxxv. 

'»Phillii)s, John, On a group of slate rocks ranging cast-southeast between the rivers Lune and 
Wharfc, from near Kirby Lonsdale to near Malham, and on the attendant phenomena: Trans. GeoL 
Soc. London, 2d scr., vol. 3, pt. 1, 1829, pp. 1-19. 

<^Gcol. Observer, 2d ed., 1853, p. 588, fig. 239. 

'/Quart. Jour. Gcol. Soc, vol, 3, 1847, p. 75. 

e Philos. Mag., vol. 11, 1856, p. 26. 

/Philos. Mag., vol. 12, 1856, p. 37. 

(/Trans. Royal Irish Acad., vol. 25, 1875, p. 657. 

^G^logie exp<3rimentale, vol. 1, 1879, p. 413. 

< Becker, G. F., Finite homogeneous strain, flow, and rupture of rocks: Bull. Geol. Soc. America, 
vol. 4, 1898, pp. 13-90. Experiments on schistosity and slaty cleavage: Bull. U. S . Geol. Survey No. 241, 
1C04. 
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1896 Van Hise and Hoskins * held that cleavage, during deformation, 
develops at any instant in planes normal to the greatest pressure, but 
that the final direction of cleavage may be inclined to the direction of 
greatest pressure which has produced the deformation. This conclu- 
sion was based on field obsei*vations by Van Hise and on mathematical 
analysis by Hoskins. Their '' fissility," corresponding essentially with 
Sorby's " close-joints cleavage," develops, they maintain, in the manner 
of fractures in shearing planes inclined to the greatest pressure. 

PURPOSE OF PRESENT PAPER. 

It will be fundamentally assumed that secondary rock cleavage is of 
two kinds, which differ widely in their essential causes and conditions. 
Abundant evidence of the truth of the assumption appears, it is believed, 
in the facts here recorded. The cleavage developing during rock flow- 
age (or the deformation of rock without conspicuous fracture) will be 
called jlmjo cleavage^ and that developing through the deformation of 
rock by fracture and subsequent cementation will be q»S\.%A fracture 
clecwage. 

In distinguishing the two kinds of cleavage the writer is in essential 
accord with Sorby, Heim, Harker, Van Hise (if his fissility be in part 
called cleavage), and others. The term fissility is retained for closely 
spaced parallel partings as defined by Van Hise, but is not extended 
to include the capacity to part fractures, which is properly a cleavage, 
and is here called fracture cleavage. 

One of the principal causes of confusion in the discussion of cleavage 
has been the attempt by some authors to make the explanation of one 
kind of cleavage apply to all cleavage. On the one hand, the parallel 
arrangement of mineral constituents has been held to be essential to 
all cleavage, and, on the other, the parallel fractures independent of 
any arrangement have been strongly urged as sufficient cause for all 
cleavage.* An attempt will be made to show that each of these expla- 
nations is adequate for one kind of cleavage, but not for all cleavage. 
Especial emphasis will be placed on the proof that incipient or cemented 
parallel fractures, yielding what is here called fracture cleavage, will 
not explain what is here called flow cleavage, or cleavage dependent 
upon the parallel arrangement of the mineral constituents. This will 
require detailed discussion of the internal arrangement of the mineral 
constituents of rocks with each kind of cleavage, the relations of this 
arrangement to the obsei*ved cleavage, the nature of the processes 
bringing about the arrangement, and the relations of the arrangement 
to pressure. Especial attention will be paid to the causes and condi- 
tions of flow cleavage, which is the most characteristic structure in 
rocks ordinarily considered cleavable. 

a Sixteenth Ann. Rept. U. S. Geol. Survey, pt. 1, 1896, p. 638. Jour. Geol., vol. 4, 1896, p. 457. 

fr Becker, G. F., Experiments on schistosity and slaty cleavage: Bull. U. S.Geol. Survey No. 241, 1904. 
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The prevailinj^ differoiu-es of opinion concerning the relations of 
cleavage to the arran^(»nient of mineral particles, the processes bring- 
ing about th<» arrangement, and even the relations of cleavage to pres- 
sure, may be traced in part to vague and incomplete knowledge of the 
intimate nature of cleavage itself. Students of the subject have made 
numerous careful observations, but with a few exceptions have contined 
their observations to one aspect of the subject. There is thus a need 
of systcMuatic microscopic^il study of cleavage of rocks of all kinds 
from many localities, with a definite purpose of ascertaining the exact 
arrangement of the mineral particles, the relations of the observed 
armngement to cleavage, and the relations of cleavage to the deforma- 
tion of rocks. The present investigation has attempted to supply in 
some degree this observational deficiency. With the basis of observed 
fact thus obtained it is possible to present with some degree of confidence 
certain general conclusions as to the origin and conditions of cleavage. 

The phenomena of flow cleavage will be treated in Part I. Part II 
will be devoted to fracture cleavage, and a comparison of fracture 
cleavage and flow cleavage. Original cleavage of bedding, flow struc- 
ture, etc., will be treated independently in Part III. 

MATERIAL USED IN INVESTIGATION. 

The material studied has been drawn from the rock collection of the 
section of pre-Cambrian and metamorphic geology of the United States 
Geological Survey, numbering 40,000 specimens and upward of 15,000 
thin sections, representative of the principal crystalline schist areas of 
North America; from the metamorphic rocks belonging to the Wis- 
consin Geological Survey; and from the University of Wisconsin col- 
lection of metamorphic crystalline rocks from various parts of North 
America and Europe, including specimens of most of the well-known 
metamorphic cleavable rocks of both continents. From the Survey 
and university material a large number of typical specimens and slides 
were selected for special study. Where any feature was especially 
well exhibited in the slide, or where the slide had been cut in planes 
indeterminate with reference to the rock cleavage, new sections 
were cut, usually in three mutually perpendicular directions, with 
known relations to cleavage. Perhaps 1,000 specimens and slides were 
selected for close study, and of these 250 slides were specially pre- 
pared. In addition to the metamorphic crystalline rocks, a consider- 
able number of semicry stall ine and partly consolidated sediments in 
the same collections were examined. Finally several specimens and 
slides of typical cleavable rocks from various parts of North America 
were loaned by men who had collected and studied them. It is believed 
that the conclusions as to the causes and conditions of rock cleavage, 
which are based on the study of the great variety of cleavable rocks 
available from widely separated localities, will apply to cleavable rocks 
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in general. It is inevitable, however, that certain ptienomena are 
more apparent than others in the particular slides examined, and thus 
that these phenomena will be overemphasized in the following discus- 
sion and others will receive less attentioa than they should. Further 
work will doubtless show modification of emphasis to be necessary. 

Illustrative specimens and slides are cited in the text. Where no 
letters are attached the numbers refer to the collection of the section 
of pre-Cambrian and metamorphic geology of the United States Geo- 
logical Survey. The letter W. with a number signifies Wisconsin 
Geological Surve}, U. W., University of Wisconsin, H., Ilobbs, and 
C, Clements. 

EXPERIMENTAL WORK. 

This report, in substantially the present form, was submitted for 
publication in the spring of 1903, and was referred to a committee 
consisting of Messrs. Whitman Cross and George F. Becker. On the 
recommendation of Doctor Becker, publication was postponed until 
he and the writer might jointly perform experiments, which had been 
planned by Doctor Becker, on the artificial development of cleavage. 
In December, 1903, a few days were spent on these experiments in the 
chemical and physical laboratory of the United States Geological Sur- 
vey at Washington. It was planned to continue the experiments at a 
subsequent date, but opportunity did not recur. The results, which 
were not decisive, are referred to on pages 126-130. So far as they 
were carried, the experiments did not seem to the writer to require 
a modification of the views here stated. Further, so largely is the 
present report a record of obseryed facts of cleavage produced by 
nature, with only such general conclusions as would obviously follow, 
that it is not thought likely that further experimental work would 
require essential modification, although it would doubtless make pos- 
sible a more definite and mathematical treatment of the subject and aid 
in the interpretation of the facts observed.^ 
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a While the above paragraph was in proof, the writer received a report by Doctor Becker on Experi- 
ments on schistosity and shity cleavage (Bull. U. S. Geol. Survey No. 241, 1904), which covers the 
experimental work above referred to, as well as work previously and subsequently done by Doctor 
Becker. The conclusions reached are essentially the same as in Doctor Becker's previous papers (cited 
p. 14), in which, as it seems to the writer, the attempt has been made to apply one explanation to 
two distinct cleavage phenomena. Doctor Becker's conclusions are, as he states, ''founded on 
experiment and analysis." He does not attempt to describe the facts as shown by the rocks them- 
selves. His method is deductive. The writer's point of view is almost altogether different. He has 
attempted, after the inductive method, to study the facts in the field and laboratory and to point 
out their significance. 
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PART I. 



FLOW CLEAVAGE. 

By flow cleavage is meant the cleavage dependent on the parallel 
arrangement of the mineral constituents of the rock, an arrangement 
which will be shown to be developed during rock flojwfcge.- ^ 

In studying flow cleavage the following ffrrefies have been kept in 
mind: 

Do the particles of the same mineral species in a cleavable rock show 
variation in shape, or are they uniform throughout? If the}^ vary, 
do their dimensions show variations proportional tp the amount of 
deformation which the rock shows ? Are the greatest and mean axes 
of the mineral particles always parallel to the rock cleavage ? Do the 
particles of the same mineral species show a parallelism of their vector 
or directional properties — i. e., properties related to direction in 
crystals, such as cohesion, elasticity, optical, thermal, electrical and 
magnetic properties, and crystalline form? Do the minerals ever 
exhibit a parallelism of vector properties and not a dimensional paral- 
lelism, or vice versa? Are they arranged dimensionally parallel and 
with no parallelism of their vector properties? Are both dimensional 
and vector properties parallel; and if so, to what extent? To what 
extent is cleavage independent of any parallel arrangement of the 
mineral constituents? 

23 



CHAPTER I. 

MINERAL ARRANGEMENT IN ROCKS WITH FLOW CLEAVAGE. 

r^!^^!^ '"^^^ ^P ^« g^^t bulk of the rocks 

n^n ^ !?• '' »^«^-"t>lende, quartz, and feldspar, are in greatest 

W^^ r^, P'^'^'P^ nine-tenths of them. Other minerals, 

J r w / r'"^' '^'' abundant, are calcite, tremolite, actinolite, 

Milt, tourinahne, staurolite, chloritoid, sillimanite, etc. Olivine 

aiKl tlio pyroxenes are rare in the typical rocks showing flow cleavage, 

tor tlie most part having been altered to one or more of the 

UUiKM-als above named. In the following discussion the first-named 

group oif minerak will m^jve the most attention. Discussion of the 

remainiiig minerals on the samb scale would unduly extend the paper 

and complicate the conclusions. Many of the features of arrangement 

of the constituents of cleavable rocks below described are well known, 

indeed almost aj^iomatic, to petrographers, but it is necessary again to 

present them in order to secure a firm basis for generalizations. 



MICA. 



Of the minerals in rocks with flow cleavage the micas are by far 
the most characteristic. Muscovite, sericite, and biotite are the com- 
mon micas of these rocks, and these alone are considered; statements 
concerning them will apply nearly as well to the rarer micas. The 
common association of the micas is with quartz and feldspar, making 
up rocks which are called, because of the relative abundance of the 
constituent minerals or because of their texture, micaceous schists, 
micaceous gneisses, quartzose schists, slates, phyllites, etc. It is 
preferred in this paper to use the mineral prefix as an adjective, as in 
the term micaceous schist. 

The micas are monoclinic but pseudo-hexagonal in symmetry. The 
basal plane has a hexagonal or rectangular outline. The characteristic 
physical feature is the perfect cleavage parallel to the base. 

As is well known, mica in cleavable rocks is arranged in plates par- 
allel to its own perfect basal cleavage. The plates are observed to be 
parallel or nearly parallel to an observed plane of cleavage in the 
micaceous cleavable rocks. In sections cut normal to the plane of 
cleavage the mica cleavage plates appear as narrow laths with parallel 
extinction, usually crowded into layers. Sections cut parallel to the 
24 
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plane of rock cleavage show basal planes of the micas, the biotites 
nearly isotropic and the muscovites highly refracting. Study of the 
micas in slides in these two directions yields interesting results. 

Mica plates looked at nmmmL to their flat surface do not show any 
great uniform difference in dimensions. They are commonly of rather 
irregular shape, sometimes hexagonal and sometimes rectangular, but 
in any case with slightly unequal dimensions as shown by average 
measurements. So far as there is any difference in the dimensions of 
the plates, they may show a small degree of parallelism of their great- 
est and mean diameters in the plane in which they lie. In some slides 
a parallelism somewhat similar to that indicated in fig. 1 is to be seen. 
This in most cases would probably be overlooked if the other minerals 
in the slide did not usually show a better parallel arrangement of the 
same kind, and thus indicate where the parallelism of the micas is to 
be looked for. It will be seen that the mica plates are not strictly 
parallel to a plane, and hence a section cut parallel to the plane most 
nearly common to all plates is likely to show 
oblique sections of many plates, and any faint C3<Cr'^ C — ? 
tendency to parallelism of the greatest and mean /^ y^^ /^^ 
diameters of the plates in this plane may not ^^^-«vw-/A^^^ 
appear in the slide. C3 

Slides cut across the plane of cleavage of f(5cfe- Fio.i.-Rough parallel ar- 

... , . ... 'i I 11 rangement sometim6ii 

containing biotite or muscovite snow roughly par- shown by the greatest 
allel aggregates of mica plates, bounded by their and mean diameters of 

,,,,,1 , T .. mica plates lying in the 

excellent basal cleavage planes. In cross section plane of rock cleavage. 
they look like laths. The laths are commonly 
concentrated into layers, with other minerals, such as quartz, inter- 
vening (PL X). Each mica crystal shows seveml cleavage laminae, 
perhaps due to incipient movement, but the crystal is still evidently a 
unit. 

While there is a characteristic parallelism of mica plates, the devia- 
tions from this arrangement are numerous and marked. These irreg- 
ularities may be seen to be in the neighborhood of harder minerals 
which have been relatively rigid during deformation, but are present 
also where the harder minerals are evenly arranged in bands or are 
very subordinate in quantity. Irregularities are also occasionally due 
to the development of micas in cracks or along the cleavage of minerals, 
such as feldspar. The irregularities in the parallel arrangement are 
of two kinds: (1) They may be due to actual bending or breaking of 
the mica plates themselves (PI. II, B)^ in which cases there may 
be considerable gliding or slipping between the mica laminae. These 
bendings are sometimes so great as to make the cleavage more nearly 
parallel to an axis than to a plane, giving it an approach to linear or 
"pencil" cleavage (PI. I). The minute folds so formed may also give 
a capacity to part parallel to one of the limbs of the fold (PI. XIV, Z?), 
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thus yielding a structure to which in part the term false cleavage has 
been applied. (2) Irregularities are formed by unbroken or unbent 
plates abutting against each other at low angles, producing a charac- 
teristic feathering out of one set of laminae diagonally against another 
set, as shown in fig. 2 and PI. II, A, A hasty examination of such 
sepamte groups of plates gives the impression of bending and break- 
ing, particularly where the micas are about a core of some harder 
mineral. The angles which these contiguous plates make with one 
another average less than 15*^. Not infrequently this change in direc- 
tion is accompanied by a change in substance; one mica may be a 
muscovite and the other a biotite. This curious feathering out of the 
laminae of the mica agauist one another is exceedingly characteristic, 
and is usually present where there has been no contortion of the mica 
plates. For its explanation see page 114. It is to be noted that while 
the irregularities about hard particles give a structure with a mesh 
appearance, where the micas come together at the ends of a hard par- 
ticle they do not cross each other, but change their direction in either 
of the ways above described until they run nearly parallel. 
The above description applies to both biotite and muscovite. The 

two micas, however, show 
these general features in 
different degrees, and bio- 

Ew*. 2.— Sketch showing the manner in which mica plates ^J^ shows certain features 
featberout.oneagain»ttheother.inrockswithflowcleava^e. ^j^.^^ ^^^^ ^^^ ^^^ ^^^^ 

mentioned. It may sometimes be seen in cross section in stumpy 
porphyritic crystals whose cleavage lies at any angle to the rock 
cleavage (PL in).« The other constituents of the rock may bend 
around them, may stop at their peripheries, or may pass through them 
without change of direction ; in other words, in the last-named case the 
biotites have the same characteristics of occurrence as have certain of 
the chloritoids, garnets, etc. , described on pages 43-45. Barely, when 
the cleavage of porphyritic biotite is uniformly normal to the main 
rock cleavage, it is found to be parallel to a later developed ''false" 
cleavage (PI. XIV, B). The porphyritic biotites show a characteristic 
stumpy habit as compared with the biotites developed in plates par- 
allel to the plane of rock cleavage. There may be occasionally 
observed a breaking down of the porphyritic biotites along their 
cleavage, the resulting slices having a tendency toward parallelism 
with one another and with the plane of rock cleavage. Where the 
process has gone far the porphyritic micas have given way entirely to 
aggregates of parallel mica plates. The greater diameters of the por- 
phyritic biotites may be parallel or transverse to their cleavage, and 
thus may form any angle with the rock cleavage. 

aSp. 1106 H.. Williamstown, Mass., slight arrangement; sp. 14930, si. 7672; sp. 14971, si. 7709, Black 
Hills, S. Dak ; sp. 4662 H., southern Connecticut. 
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Fhj, :i.— Hlotite with its own crhMivuK*' im'liiUMl to 
riH'k clravuK*', hs iimrki'<l l>y tlic uiljacciit mu>- 
oovito platrs. (Sp. IIWI. mI. 7<IM, lUiick Hills, 
South Dakota.) 



Occasionally the !)iotite8 occur in flattonod lenses with inusc<)vit4»s 
passing around them, as shown in tig. 8. In this case theeleavagi* of 
the biotite is seldom parallel to tliat of the nuiseovite and of the roek, 
but usually makes a considerable angle with the plane of nn'k eh'avage. 
Again, the biotite may Ik? ass<K'iated with <|uart/, and the two have 
very much the same relation to the adjacent nuiscovite. The sk<'t<*h 
in tig. 4 shows the biotite and ({uart/ in the siiine Imnd with nuis<-<)- 
vite passing around them. 

In spiti^. of these differences and irregularities in the hiotite and 
muscovite, commonly the greater diamet<»rs of the cleavage plates ure 
parallel, as tirst described. 

As the shapes and dimensions of the micas are <*ominordy those of 
cleavage pieces of mica crystals, 
the shapes and dimensions must 
have uniform relations to other 
physical properties of the crystals. 
Hence so far as there is unifonn- 
ity of arrangement of the dimen- 
sional axes of mica plates, there 
is also uniformity of arrangement 
of the crystallographic or vector 
properties. Only one dimensional axis of the mica plates, thv shortest, 
ha.s a tendency toward uniform parallelism in the jnirt icles of a cleav- 

a])le rock. Hence onlv the 
physical properties parallel to 
th(» shortest diameter of the 
mica particles ai'e parallel. 
These are the proper! ies lepre- 
sented by the crvstallogiiiphic 
axis c and the elastic axis a. 
The elastic axes JC and b in 
the micas lie in the plane of cleavage. Do these axes in the di fie rent 
mica plates in a secondary cleavable rock lie parallel i In the case of 
the biotites it was hoped that the detc^rmination, by the use of con- 
convergent polarized light, of the direction of the ])la!ie of th(^ optic 
axis, indicated by the slightly opening cross, would give some infor- 
mation bearing on this subject. However, the optic angle is so small 
and the basal plane so nearly isotropic that the det(Mnii!iations of the 
direction of the plane of the optic axes were uncertjiin and unsatisfac- 
tory. A nmnber of such determinations were mad(» in various slides, 
and such as they were seemed to indicate no parallelism whatever. It 
is to be noted that the physical differences in the directions of the 
crystallographic axes in this plane arc very slight, and if such charac- 
ters ever affect the orientation of a mineral they would be little likely 
to do so here. 




Fig. 4. — Biotite and quartz in a band with parallel mus- 
covite plates adjacent. (Sp. 14901, h1. 7C51, Black 
HiHs, South Dakota.) 
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In the miiscovites, while there are no uniform dimensional diflfer- 
ence.s in the diameters of the plates, the liehavior with reference to 
light, represented by axes C and b, varies somewhat widely. A quartz 
wedge used with basal sections of muscovite indicates clearly the posi- 
tions of these axes. About 100 determinations of the position of the 
optic axes in pamllel muscovite plates were made from a dozen selected 
slides, and no certain parallelism was found in the ari'angement of the 
axes of elasticity. One slide seemed to show a predominance of basal 
sections with the b axis corresponding to the greater dimensional axes 
of the pamllel arranged particles, and the jC axis in the direction of the 
mean dimensional axes, but other basal sections in the same slide and 
in many other slides showed no such arrangement. 

Drtiienmoiis, — There is little or no difference between the length and 
breadth of mica plates, as noted in the discussion of basal sections. 
Between thickness and either length or breadth there is, of course, a 
marked difference. The ratio of the least to the greatest diameters of 
the mica plates is generally uniform. Four hundred measurements of 
both biotite and muscovite from selected slides give an average 
ratio of greatest to least dimensions of 100 : 16. From this common 
figure, however, there are many variations. The biotites and mus- 
covites show a uniform difference; the average for biotite is 100 : 20, 
and that for muscovite is 100 : 14. The various porphyritic and 
semiporphyritic forms which the biotites sometimes show have an 
average ratio of greatest to least diameter of 100 : 40, while in 
the same slides" the mica cleavage plates parallel to the plane 
of rock cleavage, mainly muscovite, have ratios running from 100 : 20 
to 100 : 10. In one case ^ the ratio of length or breadth to the thick- 
j ness of the poi'phyritic biotites averages 100 : 65, while the muscovites 
^ parallel to the plane of rock cleavage average 100 : 13. The measure- 
ments of porphyritic biotite above noted are of the greatest and least 
diameters regardless of the mineral cleavage. 

HORNBLENDE. ^ 

Common hornblende js a characteristic constituent of a large num- 
ber of metaclasic rocks. Hornblendic schists are common resultants 
of the metamorphism under dynamic conditions of intermediate and 
basic rocks, particularly of igneous origin, such as diorite, basalt, or 
diabase. They also result from the metamorphism of the sedimentary 
rocks, such as feldspathic and ferruginous graywackes and slates. 

Common hornblende is monoclinic in symmetry, with columnar habit 

aSp. 12480, si. 14846, Wisaahickon Creek, Pennsylvania;' sp. 14884, si. 9448; sp. 14901, si. 7651, Black 
Hills, South Dakota. 
bSp. 14930, si. 7672, Black Hills, South Dakota. 
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Fig. 5.— Habit of 
cominoii horn- 
blende crystal. 



and prismatic cleavage (fig. 5). Basal sections show the prismatic 
cleavage in planes intersecting At an angle of 124'^. 

Examination of the specimens and slides of the hornblendic schists 
shows the hornblende to occur in characteristic colunmar crystal 
form with linear parallelism or fascicular armngement (PI. V). In 
many cases the crystals are aggregated into indefinite layers. In indi- 
vidual instances there is wide variation from the genenil parallelism. 
This variation is likely to be in a plane, and not at angk\s to this plane — 
that is, the hornblende crystals, while not parallel to one 
another, are parallel to a plane. ^ Where the hornblende 
crystals are best arranged parallel to one another, a sec- 
tion cut parallel to their long dimensions shows the prism 
faces of the hornblende with only an occasional })asal sec- 
tion (PI. V). Sections cut across the plane of rock cleav- 
age show mainly basal sections with prism faces less 
conspicuous (PI. VI). In many cases the longer axes of 
the cross sections of the hornblende have a tendency 
(perhaps scarcely noticeable) to lie approximately in the 
plane of rock cleavage, which thus bisects tlie acute angles 
of the hornblende cleavage (fig. 6, and PI. VI). ^ In slides 
showing the best arrangement, however, there are numerous wide 
variations from such parallelism of the axes of the cross sections of 

the crvstals. 

In addition to parallel columnar crystals 
of hornblende, porphyritic hornblende 
crystals may frequently be observed having 
considerable variety of shape and arrange- 
ment. They are usually short and broad, 
and their cleavage and greater diameters 
make almost all angles with the plane of 
rock cleavage. All stages of the breaking 
down of such hornblendes ma}" be observed. 
This breaking down occurs usually, though 
not always, along the crystallographic cleav- 
age planes and in some cases results in a 
fairly good parallelism of the slices (fig. 7). 
In other cases hornblende crystals of diflferent color and evidently of 
secondary origin are seen to be developing with parallel arrangement 
out of the porphyritic hornblende. 

The hornblende particles in a rock with secondary cleavage being 
crystals with characteristic habit, and such crystals being arranged 




Fig. 6. — Sketch showing tendency 
toward parallelism of dimensional 
axes and cleavage of hornblende as 
viewed in basal section, 



« Sp. 1101 H. Croatia. 

&Sp. 28501, si. 14854, sp. 28504, si. 14854, sp. 27750, si. 13308, Black Hills, South Dakota, 
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Fig. 7.— Slicing of horablcndc. (8p. 40686, 
8l. 15860, sp. 40690, si. 15363, horablende 
schist, Mesabi district of Minnesota. ) 



with their greatest, mean, and least diameters respectively parallel, or 
more commonly with their greatest dimensions parallel, it follows that 
the vector properties of these diameters must have a proportional 
degree of parallelism in all crystals. These physical properties, repre- 
sented by tho crystallogmphic axes, a, 5, and c (tig. 8), and the elastic 
axes, a, ft, and c, bear the following relations to the diameters of the 
particles in the common hornWende. The axis of least elasticity, jC, 
lies in the tumtc angle /3 at an inclination of not more than 20° to the 
crystallogmphic axis, c, of the hornblende, and hence to the axis of 

greatest development. The axis of 
mean elasticity, Ii, corresponds to the 
crystallographic axis 5, or direction of 
mean development of the crystal. The 
axis of greatest elasticity, a, lies in the 
obtuse angle B at an inclination of not 
more than 30° to the crystallographic 
axis, a, the direction of least dimen- 
sional development. Where all the dimensional axes are parallel, the 
vector properties represented by these axes are also parallel. Where 
the mean and least diameters of the hornblende have no uniform par- 
allelism, the only vector properties that are 
parallel to one another are those parallel to the 
greatest dimension — the crystallographic axis 
c and the axis of elasticity jC — while the prop- 
erties represented by a or h are parallel to a 
plane and not to each other. Where all the 
hornblende crystals are not parallel to one an- 
other, but are pamllel to a plane, the shortest 
diameters of the particles may be uniformly 
at right angles to this plane, and hence the axes 
a and a in different crystals may bo also par- 
allel. However, observation shows that when 
the greatest dimensions of the hornblende crys- 
tals are not parallel to one another, btit only 
to a plane, the mean and least diameters are 
not likely to be parallel to one another. 

Dimensions, — One hundred and fifty measurements were taken of 
the dimensions of the hornblende crystals in prismatic section from 15 
selected slides. A striking uniformity was found in the ratio of the 
length of the longest diameters — i. e., the dimensional axes correspond- 
ing to the columnar development — to the length of the shorter ones at 
right angles to them. This ratio varies between 100 : 25 and 100 : 20. 
The ratio between the mean and the least diameters of the crystals, as 
seen in basal sections, averages about 100:60, and corresponds well 
with the ratio calculated for the crystal form. 
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Fig. 8.— Cross section of horn- 
blende crystal parallel to eli- 
nopinacoid (parallel to axes a 
and c in fig. 5), showing posi- 
tions of crystallographic and 
elastic axes. 
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There appears to be a difference between the dimensions of horn- 
blende crystals in secondary cleavage rocks and the dimensions of 
hornblende crystals in original igneous rocks which have not been 
deformed since their solidification. Measurements (125) of original 
hornblende crystals in a number of selected hornblendic granites and 
diorites and more basic hornblendic rocks showed that the ratio of 
length to breadth or thickness ranged from 100:30 to 100:75, with 
100:40 common. 

QUARTZ. 

Quartz is a common and abundant constituent of the more acidic 
cleavable rocks. Its common associates are mica and feldspar in rocks 
which are named quartzose schists, micaceous schists, micaceous 
gneisses, slates, phyllites, etc., according to the relative abundance or 
the cleavage-making importance of the minerals composing them. 

The quartz crystal is hexagonal, commonly of short, columnar, 
habit, and lacks good cleavage. The quartz observed in rocks with 
secondary cleavage is described below according to its characteristic 
shape. Later it will be shown that the shape is dependent on the 
manner of development. 

(1) Quartz occurs in particles that have more or less modified crystal 
outlines and grade into irregular, rounded to subangular forms; the 
crystal outlines are rare, while the irregular, rounded to subangular 
forms which grade into the forms described under (3) are common. 
The crystal forms when present rarely show any tendency toward 
parallelism, dimensional or crystallographic. The irregular forms 
sometimes have a dimensional arrangement and sometimes not. In 
no case do they have a uniform crystallographic arrangement. The 
ratio of the greatest to the least diameters of this group varies from 
100:100 to 100:50 or less. A common ratio is not far from 100:75. 

(2) Quartz occurs in angular fragments, which apparently owe 
their shape mainly to the fracturing of larger particles, and in forms 
that grade from angular fragments to the grains described under 
(1). Gradations in the fracturing of the larger particles are to be 
observed, beginning with undulatory extinction and ending with 
granulation of every original particle. The fine lines of undulatory 
extinction perhaps associated with lines of inclusions that represent 
the intersection of a plane with the slide not infrequently occur 
in sets crossing each other at angles approaching 90° and making 
an angle of 45° to the plane of rock cleavage. Not infrequently, in 
intermediate stages, the residual material left in grains which have 
been subjected to granulation may be seen to have roughly lenticular 
shapes (augen), the long direction being parallel to the plane of rock 
cleavage. This lenticular appearance is emphasized by the occur- 
rence of granulated quartz in tails at the ends of the nongranulated 
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niaterinl. Paralk-i qiiartK particl cm developed by the parallel fra^^turing 
orslieing of a large quartz individual are also not uQcominon. The 
fractures uiay bo mainly in one set of planes and are either parallel to 
or inclined at a low angle to the plane of rock cleavage as conditioned 
by the other constituents of the rock {%. 9). Close to the point 
where the slicing occurred the length of such slices may be from two 
to six times their breadth, but a short distance away particles of 
apparently the same shape have been broken into small pieces. In 
advanced stages of granulation the quartz particles have been strewn 
out and left in nearly even layers. 

As soon as any of the micaceous minerals begin to be in evidence 
the quarts is likely to show undulatory extinction. The advanced 
stage of the granulation of the quartz is usually reached before the 
feldspar begins to show signs of pressure. Early stages of granula- 
tion of the quartz, with the mica well developed and the feldspar still 




Fid. 9.— SMcine of qnait: gialn in Hchtstosc conglomerate (Melroi-uliuiii Mich., lurge elide No. 1). 

unaffected, are well exhibited in some of the Black Hills schists. A 
schist" from the Medicine Bow Mountains, Wyoming, shows well- 
advanced granulation of the quartz, while the feldspars show only 
peripheral granulation. 

The granulated quartz particles are usually unequidimensional and 
in 100 fi'actured particles the ratio of the greatest to the least dimen- 
sions ranged from 100:50 to 100:100, with an average of 100:75. 
The most angular pieces are in many cases the small ones, although it 
can hardly bo said that, on the average, the smaller the particles the 
more angular they are. The longer diameters of tiie particles* in the 
earlier stages of the granulation are commonly in random positions. 
In later stages they show a very slight tendency to parallelism to the 
observed cleavage in the rock, as above noted. This is due to rota- 
tion, as will be seen below. "^ 

The dimensional arrangement of the quartz particles, formed by 
fracturing in advanced stages of the granulation, carries with it, as 
shown by the varying extinction, no "crystallographic or vector 
arrangement whatever. In early stages of fracturing the angular 

" Bp. 15570. Medlcrae Bow Mounlains, Wyoming. 

fcSp. 14815, al. 76T7, ap. 14817, al. 14S49, Black Hllla, Boulh Dftkoti; sp. 92SU. W., Ditleredorf, Saiony. 

B Sp. 1B865, al. 80M, Medicine Bow MounWlnB, Wyoming. 
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pieces derived from tiie breaking down of a single large particle may 
have similar vrystallographic arrangement, but the particles derived 
from different crystals show no such paralielisni. 

(3) Quartz appears in a variety of elongated lens-shaped, ribbon- 
shaped, and spindle-shaped fonns, with their longer axes parallel or 
inclined to the plane of cleavage. Lenticular or augen forms com- 
posed of single individuals developed by peripheral granulation have 
already been described in connection with the granulated forma dis- 
cussed under (2), p. 31, Other flattened lenses, with outlines curved 
and even, made up usually of several individuals, give no evidence of 
development by granulation and slicing. They lie with their longer 
axes in the plane of rock cleavage, and are usually a little more elon- 
gated in one direction than in another. 
In some cases this elongation is very 
marked and the cross section is a flat- 
tened lens." Whether or not the 
lenses show a difference of dimen- 
sions in the plane of rock cleavage, 
they commonly have considerable 
length or breadth as compared with 
their thickness (Pis. VII, VIII, IX, 
X). It is not uncommon to see a lens 
extending the length of a hand speci- 
men, and to have a thickness of only 
0.25 mm. Each lens may be made p,^. io.^kei«h showing KmnuiatoD <.( 

up of a number of crystal individu- quarlz(A| where feldspar (B) laoompara- 
1 I • -J i_ .1 ml ■ J. ■ 1 (IveJy iiiiaflwted by delormation. 

als lymg side by side, ihe mdivid- 

uals themselves usually, though not always, have their greater dimen- 
sions in the plane of rock cleavage, the ratio of the greatest dimension 
in the plane of rock cleavage to the thickness of the crystal averaging 
perhaps 100:50, but varying from 100:20 to 100:100. These figures 
were determined by 200 measurements from 20 selected slides. 

The lenses above described, consisting of several individuals lying 
side by side, grade into shorter lens-shaped forms, consisting mainly of 
a single individual, although the "tails" may be formed of smaller 
separate particles. These forms are really phenocrysts (PI, XI, A). 
These single crystals in flattened lenses in turn grade into spindle-shaped 
forms which are elongated in one direction and shortened in all direc- 
tions normal to this. The ratio of the length to the thickness of the 
individual crystals varies widely. In the quartz-porphyry from the 
Thuringer Wald described by Futterer,* it varies from 10:1 to 2:1. 

oBp. 18S4B, b1. 10IS5, Laurentlde MouDtaine, Canada. 

bPuttetet, Earl, Ganggranile von OTrMBBBChsca und die Quartzporphyre von Thai im ThQringer 
Woldt AUinlBpresentudlotlieUniTereltyciIHcidelhergforthBdegieeof Pli.D.,lg90, p,48. Bp.SS. 

Ball. 239—05—3 
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Tho jirninjifenient of the quartzes in pai'allel lenses and spindles may 
}m» observed in slides in which the feldspars have not been at all 
deforincHl. In the (iiiartz- porphyry from theThiiringer Wald (PL XI), 
all stajifes of deformation of the quartzes into these forms may be 
observed, while the feldspars in many cases at least are relatively 
undefonn(»d or deformed only by fracture. 

In the forms described under (3) dimensional arrangement usually 
does not carry with it a crystallographic arrangement of the indi- 
viduals. The crystallographic arrangement is entirely random, as 
shown by the extinction of different particles at different times when 
revolved under crossed nicols. In the slides which have been examined 
during this investigation the quartz-porphyry from the Thiiringer 
Wald shows a parallelism of the crystallographic c axes to each 
other, to the greatest development of the crystals, and to the plane of 
rock cleavage. This may be an original orientation retained during 
deformation. 

In the above lens- and spindle-shaped forms, both in layers and in 
separate individuals, one feature of the crystallographic arrangement 
is of special interest. Not infrequently, where the particles lie in 
such a position that their c axes are in the plane of rock cleavage, and 
particularly where the crystals show strain effects, such as undulatory 
extinction, sections cut normal to the c axis show the quartz not to be 
optically uniaxial, but to be slightly biaxial, and the plane of the optic 
axes to lie normal to the plane of rock cleavage. This position of the 
plane of the optic axes is what would be expected from the flattening 
of a uniaxial ellipsoid of elasticity in the plane of rock cleavage. Fut- 
torer^' describes this feature in the Ganggranite von Grosssachsen, 
and in the quartz -porphyry of the Thiiringer Wald. Other similar 
crystals lying with their c axes in the plane of rock cleavage are 
optically uniaxial, but in such cases strain effects are usually lack- 
ing. The biaxial nature of the quartz appears itself to be a strain 
phenomenon. 

The relative abundance of the forms of quartz particles above des- 
cribed of course varies widely in different cleavable rocks. Probably, 
however, in the quartzose cleavable rocks as a group the forms 
described under (1) and (2) occur in greatest abundance. The 
flattened lens-shaped forms described under (3) are less abundant, but 
are very characteristic of cleavable rocks which have undergone severe 
metamorphism. The spindle forms described under (3) are of rare 
occurrence. 

It appears from the above account that the occurrence of quartz in 

a Ibid., pp. 20, 34. 



unTH.] ABBANGEMENT OF QUARTZ AND FELDSPAR. 35 

cleavable rocks is essentially different from that of mica or hornblende. 
Mica and hornblende are usually in crystals \yith chai*acteristic habit, 
with good dimensional arrangement, and for the most ])art with a good 
ciystallographic armngement. Quartz, on the contrary, is character- 
istically without crystal habit; the shape of the i)ai-ticles yaries some- 
what with the nature and amount of the deformation which the rock 
has undergone, and, except in rare instances, there is no crystallo- 
graphic parallelism. 

FELDSrAR. 

Feldspar is present in considerable (juantity in the gneisses, mica- 
ceous schists, hornblendic schists, chloritic schists and slates, and, in 
fact, in all of the metaclasic rocks, with the exception of certain ultra- 
basic and quartzose schists. 

In the following discussion the various feldsi)ars are not discrimi- 
nated except in descriptions of individual specimens. The differences 
in arrangement between the varieties are numerous, but for the pur- 
poses of this paper a general statement covering the feldspars as a 
group is suflScient. 

The feldspars occur (1) in forms that have more or less modified 
crystal outlines, (2) in small, nearly equidimensional particles, with 
irregular angular outlines, and (3) in ellipsoidal or lenticular forms 
with curved or angular outlines. Between these all intermediate shapes 
are to be observed. In each of these classes the feldspars show minor 
differences of occurrence, the description of which would involve the 
discussion of the processes by which the}^ are arranged. These differ- 
ences will be ignored here as far as possible and will be described in 
connection with the processes of arrangement on pages 87-89. 

(1) The feldspars that have more or less modified crystal outlines 
may have their longer diameters arranged (a) at random or (h) parallel 
to the plane of rock cleavage. 

(a) The crystals with random arrangements in many cases crowd 
the other parallel constituents of the rock, which bend around them. 
In other cases the parallel constituents are not crowded, but about 
against the feldspars without any bending and even pass through them 
without change of direction." 

(b) Where the crystals lie with their greater diameters parallel to 
the plane of rock cleavage, there is a tendency toward uniformity of 
arrangement of the crystallographic axes and of the feldspar cleav- 
age which requires special description. Several good cases of this 
arrangement have been observed and two of these will be described 
in detail. 

/iSps. H. 1060, 1068, Greylock, Mass. 
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The first is timt of thft Hoosat- schist" of Massachusc^tt^, i-epresenting 
an extreme case of metiimorphtsiii. It is n micaceous quailzose scList 
with largt> alhitc phonocrysts. The mica and quartz are arranged in 
bands. The jwrphyritic albites include parallel particles of quartz and 
biotite (PI. XIII, ,1). The micas abut against the albites frequently 
without the slightest change of direction; they are not crowded, and do 
not bend around the albites. The feldspars themselves lack evidence 
of mechanical defommtion, Their greater dimensions lie in the plane 
of rock cleavage. The ratio of the greatest to the least dimensional 
axes of the feldspar particles, determined by 100 measurements from 
10 selected .slides, varies from 100 : 50 to 100:75. 

An examination of these feldspars in sections cut across the plane 
of rock clea\-age shows that the elongated feldspars have a marked 
tendency toward parallel extinction. The angle of extinction with 
the long side of the crystal and with the rock cleavage varies from 
to 1^°. Many crystals also show simple twins; the twinning plane 
cuts across the short direction of the crystal, and 
frequently lies noimal to the plane 
of rock "cleavage (PI. XIII, A). 
Other crystals show a twinning 
plane parallel to the longer dimen- 
sions of the crystal — that is, par- 
allel to the rook cleavage. Albite 
with a simple twinning has two 
habits, a common tabular develop- 
ment parallel to the brachypina- 
eoid, and a less common tabular 
development parallel to the macro- 
pinacoid (Sgs, 11, 12), The rela- 
tion of the twinning lines tc the 
shape of the feldspar si'ctions in this rock shows that crystals of both 
habits evidently are present. The grwitest diameters of the feldspar 
particles lie in the phme of itn-k cleavage but are not parallel. 

Another case of itarallel armngt^uuMit of feldspar crystals is in a 
inashM feldsjMir ixu'k fix>m the AVauoau district of Wisconsin, described 
by Weidman," This i-oek has Ihhmi subjtvted to severe nietamorphism, 
acquiring thereby a jiarrtUel iirningeinent of its mineral constituents." 
The feldspars are in Nei«inilo |Htmlli>l tabular crystals, and also in the 
parallel flattened lenm's dtwribed In n Nut)Mi<<]uent paragraph. Where 
they are in crystals (all>)t««), tlii' Inlniltir bmeliypinncoidal faces are par- 
allel to etu'h other and t^>tho rock vlcavajp 
pai-allel to the plautMif itn'k eU-tivage, but 




Fic. II.— Twinned »1- 
bite crystal with 
brmchj^inacoldal dt> 
Telt^mcEt. 




TIh* longest diameters ai'e 
not tiiH'e.isarily to each other. 
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Flo. 13.— MioTOscopfo vtew o 
treah anorthosite. (Cf 
Adams, Geol. Survey, Csn 



This is the arra&gement shown by p&rt of the albite crystals of the 
Hoosac schist. The average ratio of the greatest to the least diameter 
is 100: 20. 

In albite the axis of elasticity, C, is approximately Dormal to the 
brachypinacoid, while the axis of elasticity, gt, is near)y normal to the 
macropinacoid. In the parallel arranged albites above described, there- 
fore, these axes have different positions, depend- ^_^ 

ing upon which of the two tabular development-; 

is present and controls the arrangement. 

Where the tabular development is parallel to the 

brachypinacoid, the common case, the axis c h 

normal to the cleavage of the rock. The axes !X 

and ti are not parallel, but lie in the same 

plane. Where the tabular development is 

macropinacoidal and the feldspar is arranged 

parallel to this plane, the axis of greatest 

elasticity a always stands normal to the plane 

of rock cleavage determined by the dimensions 

of the crystals. The axes c and It in this ca^e are not parallel to each 

other, but are parallel to the plane of rock cleavage. 

(2) The angular particles clearly owe their shape principally to the 
granulation of larger particles, although they may be partly original and 
partly due to other causes. The first effects noticeable in the mechan- 
ical deformation of a feldspar crystal arc twinning lamellee and periph- 
eral granulation. With increasing 
deformation there is gradation from 
these phenomena to complete granu- 
lation of the pai'ticles. At an inter- 
mediate stage of deformation the feld- 
sparcrystal may have a lenticular form. 
Where the smalt particles ground off 
from a large particle lie close at hand, 
forming a "tail," the group forms 
a conspicuous lenticule, or "augen." 
At later stages of granulation the 
minute particles not infrequently lie 
in a layer of uniform thickness. 
In the sheared anorthosite from north of Montreal, described by 
Adams," feldspar particles in pai-allel, elongated, sometimes ribbon- 
like forms, with irregular angular liorders may bo seen lying in a 
matrix of finely granulated material (tigs. 13 and U; also PI. XII, /i). 
Measurements show that the larger feldspars have tieen granulated 
into nearly 7o,()00 small iwrticlcs. The residual feldspars show stmiii 
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shadows gnuling into minute fractures. Granulation of feldspars is 
well exhibited in tlie Berlin rhvoHte-pnciss of Wisconsin (PI. XII, A). 
Occasionally the fracturing of feldspar jmrtieles has resulted in their 
divi^jion into parallel slices, either parallel or inclined to the plane of 
rock cleavage as conditioned by the other constituents of the rock 
mass (fips. 15, 16, 17; PI. XI, B). 
Usually the fractures producing 
such slices are in one set of planes 
at a low angle with the plane of 
elongation of the rock mass as a 
whole, but sometimes also in in- 
tersecting planes. 

In the early stages of mechan- 
ical deformation there is practically no parallel arrangement of the 
greater diameters of the minute granules developed by granulation. 
In subsequent stages the angular particles, through rotation, have a 
very slight tendency to lie with their 
longer diameters parallel to the plane of 
i-ock cleavage. In many thin sections 
of rocks with fair secondary cleavage, 
the mica and hornblende, and even the 
(luartz. have their longer diameters par- 
allel, white the angular feldspar particles 
show no tendency to such arrangement. 
Where l>est developed the dimensional parallelism is hardly noticeable 
on a cursory examination. A reason for this appears in the fact that 
the angular iiarticlos iw observed in the cleavable rocks have such slight 
diffen'ucps in dimension. The ratio of the greatest dimensional dism- 
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eney toward parallelism; if present at nil it must be in exceptional 
cases. This comes from the fact that the relations of the dimensions 
of the granulated feldspar particles to the crystallographic properties 
are ordinarily not uniform, and even where they are partially uniform, 
the tendency toward dimensional arrangement due to difference in 
dimensions is so slight that uniformity in cr^'stallographic arrange- 
ment is not evident. 

It is to be noted that most of the fragments formed from a single 
sliced individual have close approach to crystallographic parallelism, 
although there is no parallelism between the pieces formed from the 
slicing of different feldspar particles; also that there has frequently 
i»een rotation of these slices toward a trommon plane inclined to the 
planes of fracture and parallel to the longer diameters of other con- 
stituents which have developed in a paral- 
lel position by another process shown later 
to be recrystallization." 

(3) The remaining occurrences of feld- 
spar to be descrilred have lenticular or rib- 
bon forms with their flat surf ace in the plane 
of rock cleavage. These forms show all 
gradations into both the angular feldspar 
parti<^les and the feldspar crystals above 
described. In the nepheline-syenite of the 
Wausau district and in a hornblendic pio. i8.— Feldspar 

.schist from the Mesabi district of Min- "'"> cryBlallographic paralLelinn. 

.•,,,, J 11 -. -.1 The longer axes ol ihe lenses are 

neSOta" the lenses of albltC cither occur as approiimalely in the brachypln*- 

separate individuals or lie end to end and '^"i- *^'" nornbiendic KhiBt oi 

■^1 L J 1 - -J ui MeeabliUatrictofMiDneaoia, 

form lens-shaped layci-s of considerable 

extent (fig. 18). Many of the feldspars in the lenses or layers show 
no uniform relations of their dimensions to the crystallographic 
properties.'^ The feldspars extinguish at various angles, like the 
quartz lenses of similar shape described in the preceding section. 
The ratio of the greatest to the least axes of the individuals is 100:30. 
In other cases the greater dimensions of the albites of the lenses or 
kyei-s correspond roughly with the tabular developments parallel to 
the brachyplnacoid, in which case there is a tendency to extinguish 
parallel to the longer diameters of the lenses, although the extinc- 
tion varies from to 20^ or 30°.'' There is a characteristic lack of 
strain effects, although the rock gives evidence of deformation. The 
axis of elasticity c is parallel to the shorter diameters of the lenses 
and thus transverse to the cleavage of the rock. 

In ffgneral the feldspar particles in rocks with secondary flow cleav- 
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age are present in quantity in the order in which they are described 
above. The common parallel arrangement of feldspars is thus dimen- 
sional, although, even where the dimensional arrangement is best, the 
approach to parallelism of the longer diameters of the particles is not 
close. Rarely the parallel arrangement is also crystallographic, in 
which case the good basal cleavage of the feldspar is normal to the 
plane of the greatest and mean dimensional axes, and hence to the 
plane of rock cleavage with which the longer axes are parallel. The 
poorer brachypinacoidal cleavage or clinopinacoidal cleavage is in most 
cases parallel to the plane of tabular development and the rock cleav- 
age, but in a few cases is normal to it. 

CHLORITE. 

Chlorite is characteristic of chloritic schists or slates. The develop- 
ment of such cleavable rocks may be in part under conditions some- 
what different from those under which metaclasic rocks containing 
mica or hornblende are developed.^ 

Not infrequently chloritic schists result from the alteration of bio- 
titic schists, and in such cases the chlorite is essentially pseudomorphic. 

Chlorite is monoclinic, but pseudo-hexagonal, with prismatic habit, 
and with excellent basal cleavage. 

In cleavable rocks the mineral occurs in cleavage plates that have 
their flat surfaces parallel to the rock cleavage in a manner similar to 
that of the micas. It appears also in irregular and ill-defined aggre- 
gates. Because of its tendency to hexagonal development, the great^er 
diameters of the cleavage plates are not markedly unequal in length, 
and thus no parallelism of greatest and mean diameters in the plane 
of rock cleavage can be looked for. The ratio of the thickness of the 
plates to the diameter is about the same as in the micas, in average 
cases perhaps 16:100. As in biotite, the axis of greatest elasticity a 
is normal to the cleavage plane. The axes h and c lie in the plane of 
rock cleavage, but are not parallel in different cleavage plates. Chlorite 
has the same manner of aggregation into layers etc., as the micas. 

CALCITE. 

Cleavable marbles are not abundant, notwithstanding the great 
number of limestone formations which have been subjected to 
extreme metamorphism. Neither is calcite an abundant secondary 
constituent in cleavable rocks in which other constituents, such as mica 
and hornblende, are predominant. The conditions favorable for the 
development of such constituents apparently do not favor the develop- 
ment of secondary calcite. Indeed, under such conditions there is a 
marked tendency toward the replacement of calcite by silicates. The 

a See discussion of development of chlorite in Van Hise's Treatise on Metamorphism: Mon. 
U. S. Geol. Survey, vol. 47, 1904. 
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arrangement of the calcite in cleavuble marbles is of principal interest, 
and to this the description below is mainly restricted. 

Calcite has hexagonal rhoml>ohcdral form, with, in general, a ten- 
dency to columnar development parallel to c when crystal outlines are 
present. Its cleavage parallel to the rhombic faces is excellent, and 
polyaynthetic twinning parallel to — iR is a common feature. 

Calcite in marbles with flow cleavage appears in two ways — (1) in 
small nearly oval grains, and (2) in small angular pieces. Another 
occurrence is discussed under fracture cleavage on pp. 119-121. 

(1) Some of the most cleavable marbles examined, especially those 
from Talledega Mountain, Georgia," were seen to have a distinctly 
granular aspect and to be made up of oval grains of calcite of some- 
what uniform size, arranged with their dimensional diameters in a 
common direction parallel to the observed rock cleavage (fig, 19). 
Between these grains may be a considerable 

amount of finely granulated material. Few 
strain effects, such as fractures or close 
polysynthctic twinning, are to be observed. 
The dimensional parallelism is well mai'kc<l. 
No crystallographic parallelism accompanies 
the dimensional parallelism. The grains 
extinguish at different anerles. and thoir 

, ° ,. ,, , ., , Flo. in—PamllplgraiiiB of calcite 

cleavage lies at all angles with the greatest in wni-msc ninriiie. (special 
dimensions of the particles. uin'^rc;. "L '''""'"'*^ """"' 

In the cleavable marbles the ratio of length 
of these parallel grains to breadth, as determined by IliO mea-surements 
from 10 selected slides, is from 100:33 to 100:t)<'. This ratio is not far 
different from that obtained in marbles showing no cleavage, in which 
a number of measurements give an average of 100:7.3, 

(2) The calcite particles may sometimes be seen in iiregular angular 
pieces. Commonly their greatest and least diameters are not far 
different from those described under (1), and gradationiil phases into 
(1) are noted. There is a slight tendency to parallel arrangement, 
which is dimensional and not crystallographic. In those rocks exam- 
ined the angular particles are not so common as the ellipsoidal grains 
described under (1). 

While the accessory calcite occasionally found in micaceous schists, 
quartzose schists, or hornblendic schists, is perhaps partly original, 
it is in many cases a secondary replacement of other minerals after 
the cleavage of the rock has been produced. It may fill irregular 
elongated areas left by the solution of other minerals, although, in 
general, in rocks of this sort there is little tendency for parallel 
dimensional arrangement of the calcite. In no case is crystallographic 
arrangement observed. 
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TREMOLITE, ACTINOLITE, GRCNERITE, AND OTHER AMPHIBOLES. 

These minerals are especially characteristic of cleavable rocks formed 
by the metamorphism of calcareous and sideritic rocks and known as 
tremolitic schists, actinolitic schists, and griineritic schists. They are 
characteristically developed by contact metamorphism, but are formed 
also at considerable depths under conditions of high temperature and 
pressure. They are all monoclinic, with a marked prismatic or acicu- 
lar development. They occur either in single crystals, or, character- 
istically, in sheaf -like or radial aggregates. 

In cleavfible rocks the undoubted characteristic occurrence of these 
minerals is in radial and fascicular aggregates with entirely random 
arrangements. Occasionally the individual crystals are arranged with 
their longer dimensions in the plane of rock cleavage, though rarely 
parallel to each other in this plane. The arrangement is not con- 
spicuous and might be overlooked, but on examination in a slide the 
crystals, especially those of actinolite or grunerite, are seen to cross 
each other at acute angles, perhaps 40^, and lines bisecting these angles 
are seen to have a common direction. The best cases of parallelism 
are observed where the crystals are in single individuals. Where the 
crystals are in the sheaf-like and radial aggregates, the rays lying in 
the plane of rock cleavage are likely to have a greater development 
than those crossing it. Between random arrangement and this tend- 
ency to parallelism there is complete gradation; but the former is 
believed to be by far the more common. Where the parallel arrange- 
ment is best developed, no data are at hand to determine whether or 
not the amphiboles of this group have their shorter axes parallel, like 
hornblende. From analogy to the hornblende it is reasonable to sup- 
pose that this is sometimes the case. So far as this may occur, the 
crystallographic and elastic axes would have the same relations to the 
plane of rock cleavage as in common hornblende. 

KAOLIN AND TALC. 

Talc is largely the result of weathering, but in places it forms cleav- 
able rocks. It is similar to mica and chlorite in habit and arrangement. 

GARNET. 

Garnet is probably the most common of the porphyritic minerals of 
the '^crystalline schists." In extremely metamorphosed cleavable 
rocks, and especially in the micaceous schists and in phyllites, por- 
phyritic garnets may be seen. 

The garnets are isometric, and thus show no dimensional or crys- 
tallographic variations along their diflFerent axes. In the rocks 
examined their diameter is commonly not less than 1 nun., and is 
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occasionally 4 cm. Being equidimensional, the individual crystals 
can be said to have no dimensional arrangement with reference to 
the plane of rock cleavage. However, an examination of secondary 
cleavable rocks shows that, in many cases at least, the garnets are 
more numerous in certain planes of cleavage than in others. They 
are likely to occur along planes where mica has been abundantly 
developed, and are not so numerous in the quartz and feldspar layers. 

TOURMALINE. 

Tourmaline is characteristic of the micaceous schists and certain 
feldspathic schists. Its development is commonly supposed to be 
largely due to the contact action of the magma and the introduction 
of extraneous material into the metamorphosed rock. 

The mineral is hexagonal (trigonal), with a marked columnar habit. 
In the rocks with secondary cleavage the columnar crystals of tourma- 
line have a marked tendency to lie parallel to the plane of rock cleav- 
age, but not to one another.^ In a few cases they are parallel to one 
another as well as to the plane of rock cleavage.* There is no paral- 
lelism of the shorter axes, except to a plane, when the longer axes 
are parallel. 

So far as the crystals have dimensional arrangement the crystallo- 
graphic properties also are parallel. The crystallographic axes, <?, 
or the principal optic axes (negative) in the diflFerent particles thus lie 
in the plane of cleavage and rarely are also parallel to one another in 
this plane. The crystals vary considerably in the ratio of their great- 
est to their smallest diameters; 100 : 60 and 100 :20 are extremes from 
25 measurements in 5 selected slides and specimens. 

STAUROLITE. 

Staurolite is characteristic of micaceous schists. It is orthorhombic, 
and characteristically in short tabular crystals and cross twins, in 
each case with a well-marked development parallel to the macropina- 
coid. The arrangement of the staurolite in the secondary cleavable 
rocks may be observed macroscopically, and especially well on a 
weathered surface. An examination of numerous specimens shows 
that the staurolites have a strong tendency to lie with their flat surface 
parallel to the plane of cleavage,^ although many exceptions to this 
rule are noted. The greater axes of the crystals in this plane are not 
parallel. 

As the staurolites in crystal form have uniform relations of their 

aSp. H. 1049.1, Hoosac Mountain, Massachusetts; sp. H. 4154B, near Seymour, Conn.; sp. H. 4151, 
Beacon Falls, Conn.; sp. H. 4083, A, near Danbury, Conn. 

b Sp. 14889, Black Hills, South Dakota; sp. 29633, Laramie, Wyo. 

c Sp. H. 1105, west side Conanicut Island, Narragansett Bay; sp. H. 1084, Conn., sp. 14919, Black 
Hills, South Dakota. 
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crystallographic axes to the dimensional axes, it follows that the crys- 
tallographic properties of the crystals are arranged to the same degree 
as the dimensional axes. The crystallographic axis c and the axis of 
greatest elasticity a thus lie in the plane of cleavage. 

OTTRELITE (aND CHLORITOrD). 

Ottrelite and chloritoid are found principally in the micaceous 
schists or phyllites. They are closely related in their properties and 
occurrence, and are conmaonly not discriminated, although they seem 
to differ in chemical composition. The minerals are monoclinic and 
the basal cleavage is good, although it is not so perfect as in mica. 

They occur in the micaceous schists or phyllites in a variety of ways — 
in radial or sheaf -like aggregates, in thin scales or plates, and in simple 
crystals. In the rocks examined the ottrelite has predominantly crys- 
tal form. The crystals are more or less hexagonal, tabular plates, with 
a good basal cleavage parallel to their longer dimensions. "Hour- 
glass " twins are not uncommon. 

In the typical ottrelite-schist from Ottrez, Belgium,^ the ottrelites 
have no parallel arrangement whatever, dimensional or crystallo- 
graphic. In rocks from other localities, however, there is a tendency 
for the dimensions of the plates to control the arrangement of the 
crystals, causing the greater dimensions to lie more nearly in the 
plane of cleavage than normal to it. Within this plane the greater 
dimensions of the crystals make all angles with one another. The 
mica-schists of the Black Hills, South Dakota,* show this arrange- 
ment. The tendency toward parallelism is slight, even where most 
marked, and in rocks showing such arrangement many ottrelite crys- 
tals lie squarely across the rock cleavage and at all angles to it. The 
result is that any rock with secondary cleavage containing ottrelite is 
likely to show ottrelite cleavage faces on any surface, but more con- 
spicuously in the zone normal to the plane of rock cleavage, for in the 
plane of rock cleavage the mica cleavage (the ottrelite is commonly 
associated with mica) is likely to obscure the cleavage of the ottrelites. 

The average ratio of the length of the crystals to the breadth, taken 
from 100 measurements from 10 selected slides, is 100:40. 

ANDALUSITE (cHIASTOLITE). 

Chiastolite is not important as a cleavage-giving mineral, but it is 
characteristic of certain dense cleavable hornfels in which long, pris- 
matic, chiastolite crystals stand out conspicuously against a fine- 
grained, dark-colored background. The mineral is orthorhombic with 
columnar habit. In most of the rocks with secondary cleavage that 
were examined the chiastolite crystals were either inclined or perpen- 

aSp. H. 1104, ottrez, Belgium. 6Sp. 14874, Black Hills, South Dakota. 
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dicular to the plane of rock cleavage,^ but in certain of the rocks there 
is a tendency for the long directions of the crystals to lie roughly in 
the plane of rock cleavage.* The greatest and mean axes have no 
parallelism in this plane. The average ratio of length to breadth, 
measured in 30 crystals from 3 slides, is 100 : 10. 

As chiastolite occurs in crystals whose dimensional and crystallo- 
graphic properties are uniformly related, it follows that the crystallo- 
graphic properties are parallel so far as the dimensional axes are 
parallel. The properties represented by the c axis are thus parallel 
to a plane and not to a line. 

SILIJMANITE (fIBROLITe). 

This is a rare constituent of the cleavable rocks as a whole, and even 
where most abundant makes up but a small portion of the rock. It is 
orthorhombic, with a very strong columnar habit. 

In the cleavable rocks sillimanite is seen to occur in single, slender, 
rod-like forms, with characteristic cross fra(;tures, and also in sheaf- 
like aggregates and parallel bunches. The individuals and the crystals 
in aggregates have a strong tendency toward a parallelism of their 
longer axes.^ They furthermore have a tendency toward concen- 
tration into definite layers.^ The individuals are always slender, 
frequently almost hair-like, and their length as compared with their 
thickness is very great. On account of the fineness and cross fracture 
average measurements are not practicable. The crystal lographic axis 
c and the axis of least elasticity, jC, lie in the plane of rock cleavage. 

SUMMARY STATEMENT CONCERNING FACTS OF ARRANGEMENT IN ROCKS 

WITH FLOW CLEAVAGE. 

The above facts are believed to afford a basis for the following 
generalizations: 

Rocks with flow cleavage are made up principally of flat or elon- 
gated particles with a variety of shapes and dimensions. Particles of 
a particular mineral have characteristic shapes and dimensions and are 
easily distinguished from particles of other minerals. Occasionally, 
however, they show minor variations of form due to differences in 
origin and behavior during deformation. To illustrate: Mica is in 
thin plates; hornblende is columnar; quartz is seldom in crystal form, 
but is in angular or lenticular grains; feldspar is sometimes in crystal 
or lenticular form, but usuall}^ in angular to subangular grains. The 
ratio of the greatest to the least diameter varies in mica from 100 : 20 
to 100:10; in hornblende, from 100:20 to 100:25; in quartz from 

aSp. H. 71.1, Yaqui Gulch, California. 

fcSp. H. 1112.1, H. 71, Gefrees, Fichtelgebirge, Germany. 

cSp. 14 Bayley, sp. 604 Bayley, sp. 906 W., Saxony, sp. 14901, si. 7661 Black Hills, South Dakota. 

dSp. 504Bayley. 



46 BOCK CLEAVAGE. [bull. 239. 

100:50 in common cases to 100:15 in exceptional cases; in feldspar it 
is about 100:60. The uniformity of this ratio for a given mineral 
species disproves the idea sometimes held that the degree of flatness or 
elongation of particles in a rock with secondary cleavage is propor- 
tional to the amount of deformation which the rock has undergone. 

The unequiaxial particles of the rocks with flow cleavage have a 
tendenc}^ to lie with their greater, mean, and least diameters parallel 
to one another, although this tendency varies with the nature of the 
mineral, with the processes which have been effective in bringing 
about the arrangement (as will be shown in a subsequent chapter), 
and with the amount of deformation which the rock has undergone. 
There is also a tendency for minerals of the same kind to be aggre- 
gated into layers. It is obvious that there must be complete gradation 
from the random arrangement of minerals of undeformed rocks to the 
parallel arrangement of minerals of a very cleavable rock. A parallel 
arrangement is reached at different stages in the development of rock 
cleavage by different minerals. In the same rock it may be reached 
by mica, chlorite, and hornblende and not by feldspar and quartz. In 
a further stage of defoi'mation it may be possessed by mica, chlorite, 
hornblende, and quartz and not by feldspar. In still more advanced 
stages of deformation it is acquired by tourmaline, actinolite, griinerite, 
tremolite, staurolite, sillimanite, andalusite, chloritoid, etc.^ so far as 
they receive it at all. Calcite has not been compared directly with 
these minerals, but unquestionably takes on a parallel arrangement 
early in the deformation. 

The crystallographic or vector properties of the particles of any 
mineral are parallel only when they have uniform relations with 
the parallel dimensional axes. This is commonly the case where the 
particles are either crystals or cleavage plates from crystals that have 
the characteristic shape and habit of the mineral species represented. 
In arranging themselves dimensionally such crystals or cleavage plates 
must necessarily arrange their crystallographic axes. The relations 
of dimensions to vector properties are uniform in most mica, chlorite, 
and quartz particles, and in only a small portion of the feldspar 
particles, while in calcite they show no uniformity whatever. While 
in a particular mineral these relations may be uniform, in different 
minerals they may vary. A vector property may be parallel to the 
greatest dimensional axis in one mineral and to the least dimensional 
axis in another. Thus the degree of parallelism of vector properties 
in the rocks with flow cleavage as a whole may be ascertained by listing 
under each mineral the vector properties corresponding to the parallel- 
arranged greatest, mean, and least dimensional axes, and seeing how 
far these properties correspond in all the minerals in the rocks. 

While the arrangement of the vector properties of the particles of 
a cleavable rock is thus subordinate to, and entirely dependent upon. 
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the dimensional arrangement, and while the arrangement of the 
physical properties with reference to the dimensional axes varies 
with different minerals, in some of the more common cleavable rocks 
the net effect of the parallel arrangement of the vector properties 
of the mineral particles, incidental to and resulting from the 
dimensional arrangement, may be such as to give the cleavable rock 
as a whole a definite polarity with reference to these properties— i. e., 
to give the cleavable rock certain properties for certain directions 
and other properties for other directions. Experiments on heat, 
electric properties, cleavage, and hardness of cleavable rocks seem 
to show some such condition, although it is probably due more to 
the dimensional than to the crystallographic arrangement of the 
individual particles. A discussion of these properties in cleavable 
rocks is outside the scope of this paper. However, attention will be 
called to one property, the behavior of the cleavable rocks with 
reference to light, which has been noted in this investigation. 

The axis of greatest elasticity a — the axis affording the easiest vibra- 
tion of light for rays propagated normal to it — has a position normal 
to the plane of rock cleavage in the micas, in chlorite, and in talc; 
within a few degrees of the normal to the plane of rock cleavage in the 
crystals of hornblende showing triaxial parallelism and in the smaller 
number of feldspar crystals showing parallel arrangement of their 
crystallographic properties. In most of the feldspar crj^^stals the axis 
a lies in the plane of the greatest dimensions, while the axis C is nor- 
mal to the plane of rock cleavage. The arrangement of the mean and 
least elastic axes in some parallel minerals is known, and in others is 
not known; in the rocks showing flow cleavage as a whole, sufficient data 
are not yet at hand to warrant any definite statement concerning the 
uniformity or nonuniformity of arrangement of the mean and least 
axes. These minerals include the most abundant minerals appearing 
in the cleavable rocks with uniform crystallographic arrangement. 
The minerals not mentioned are the porphyritic minerals which are 
commonly supposed to crystallize either after movement has entirely 
ceased or near the close of the deformation, such as tourmaline, garnet, 
staurolite, sillimanite, etc. 

In other words the above facts show that so far as the common 
cleavable rocks have any uniform effect on the transmission of light, 
due to the optical orientation of the individual particles, they allow 
the light ray to travel faster normal to the plane of rock cleavage 
(but vibrating parallel to this plane) than the rays traveling parallel to 
the plane of rock cleavage. The possible significance of this in its 
bearing on molecular structure is discussed on pages 97-99. 

Repeating the main conclusion, then, the mineral particles in a rock 
with flow cleavage, so far as they are arranged, have their respective 
dimensional axes parallel, but only incidentally and partially are their 
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vector properties parallel. The mineral particles have been arranged 
with their dimensional axes parallel regardless of any influence which 
the vector properties may have had, except in so far as they modi- 
fied the dimensions. Even in minerals such as quartz and calcite, 
in which the physical properties along the principal and lateral axes 
are strongly differentiated, these vector properties show no tend- 
ency to parallelism because they have no uniform relations to the 
parallel-arranged dimensional axes of the particles. Moreover, the 
vector properties have no influence in arranging the crystal, where 
there are no dimensional differences in the principal axes. When two 
of the three principal dimensional axes of a particle are of the same 
length, so that there can be said to be no parallel dimensional arrange- 
ment of such axes, the vector properties show no parallelism, although 
in the absence of dimensional control they would have an opportunity 
to show any influence they might have. For instance, the vector 
properties lying in the plane of the mica cleavage are not parallel, 
in spite of the fact that the length and breadth of these plates are not 
so far different, but that the vector properties, had they had any influ- 
ence, could have succeeded in arranging themselves without violating 
the principles of dimensional control. 



CHAPTER II. 

THE OBSERVED RELATION OF SECONDARY ROCK CLEAVAGE TO 
THE PARALLEL ARRANGEMENT OF MINERAL PARTICLES. 

In the rocks with secondary flow cleavage examined during this 
investigation, which are believed to be fairly representative of such 
rocks in general, a plane, or surface, of cleavage has been observed to 
be uniformly parallel to the greatest and mean, or greatest and least 
dimensions, or both, or even to the greatest alone, of the parallel con- 
stituent mineral particles. This has been observed macroscopically 
in thousands of specimens, and microscopically in several hundred 
specially prepared slides. Not only has a cleavage been observed to 
coincide with the longer diameters of the parallel particles, but it has 
been apparent that the excellence of such cleavage is proportional to 
the degree of the arrangement and to the inequality of the dimensions 
of the particles. In addition to this essential condition of parallel 
armngement, another condition, dependent on the first, has been 
observed to be of great importance — the parallel arrangement of 
mineral cleavages. This has usually aided the dimensional arrange- 
ment, but has rarely tended to cause a cleavage in a plane different 
from that caused b}'^ the dimensional arrangement of the mineral 
constituents. The characteristic segregation of particles of the same 
mineral species into layers may develop also planes of weakness that 
are due to intrinsic strength of the minerals, quite independent of any 
dimensional arrangement. Minute foldings of parallel-arranged con- 
stituents, as in micaceous slates, may yield a plane of weakness parallel 
to the limbs of the folds (PI. XIV, B)^ causing a cleavage which has 
been called in part ''false cleavage." 

It is needless to &ay that the agreement of secondary flow cleavage 
with parallel mineral arrangement, above emphasized, is not a newly 
observed relation. It has been described and noted by so many geolo- 
gists that the coincidence of the two structures has been accepted as 
almost self-evident. Yet, as will be shown in Part II, there is a cleav- 
age, here called fracture cleavage, which is independent of such a 
parallel structure, and largely because of this certain geologists have 
concluded that all cleavage may be independent of a parallel arrange- 
ment of minerals. A comparison of cleavage independent of a parallel 
arrangement and cleavage dependent upon such an arrangement — in 
other words a comparison of fracture cleavage and flow cleavage — is 
made in Part 11. 

Bull. 239—05 4 49 
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RELATIVE IMPORTANCE OF MINERALS IN PRODUCING FLOW 

CLEAVAGE. 

If the dimensional arrangement of the particles in the secondary 
cleavage rocks, and the attitude of the mineral cleavage of the par- 
ticles are known, there are at hand the facts of occurrence necessarv 
to an intelligent discussion of the relative cleavage-producing capaci- 
ties of the minerals occurring in rocks with secondary cleavage. 

Before taking up the detailed discussion, however, it may be well to 
explain what is meant when it is said that one rock has a better cleavage 
than another, or that one mineral affords a better rock cleavage than 
another. In the following discussion excellence of secondary rock 
cleavage, parallel either to a plane or a line, will be considered as 
determined by (1) the facility of parting, (2) the evenness of the 
parting, (3) the number of planes or lines of parting in a given thick- 
ness of rock. The extent to which a given mineral contributes these 
properties to a rock determines its cleavage-producing capacity. 

By observation it is known that secondary flow cleavage in rocks 
occurs parallel to the greater diameters of the constituent particles, 
or parallel to the mineral cleavages or both. Usually, but not always, 
they are in the same plane. It is further a matter of direct observa- 
tion that the perfection of cleavage depends upon the following factors: 

Shape and arrangement. — The degree of flatness or elongation of 
the particles, and their degree of parallelism, is here meant. The 
greater the difference between the length or breadth and thickness 
of parallel particles and the better the parallelism the better the cleav- 
age. The shape and arrangement must be considered together, 
because particles having shapes favorable to the development of cleav- 
age can produce no cleavage Unless they have parallel arrangement, 
and vice versa, particles well arranged produce poor cleavage unless 
they show marked differences in dimensions. 

According to the relative differences between the dimensional axes, 
the parallel particles may tend to produce cleavage parallel to a plane, 
to two intersecting planes, or to a line. Where two of the dimen- 
sions are not far different and are both greater than the third, the 
cleavage produced by the parallel arrangement is in a plane; where 
two are much smaller than the third the cleavage may be parallel to a 
line; where the three diameters are of different lengths there may be 
cleavage parallel to the plane of the greatest and mean diameters, 
and a poorer cleavage in the plane of the greatest and least diame- 
ters; that is, normal to the first one. This less perfect cleavage con- 
ditioned by the greatest and least dimensions of the particles is what 
has been called grain, particularly in descriptions of slates. 

Thickness, — The thinner the cleavage-making particles the greater 
the number of planes or lines of parting between or through the min- 
erals possible in a given thickness of rock. 
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Cohesion^ principally mineral. — The cohesion of the particles is the 
bond by which molecules of like character are held together. Mineral 
cleavage is a property of cohesion. The cleavage of the particles 
themselves and its attitude with reference to the plane of the greatest 
and mean dimensional axes help to determine the perfection of rock 
cleavage. The more nearly parallel to the greater dimensions of the 
particle, and the better the mineral cleav^age, the better the rock 
cleavage produced. Usually, but not always, the mineral cleavage is 
parallel to one or both of the greater dimensions. 

Adhesion, — The adhesion of the particles is the bond by which 
molecules of unlike character are held together. Where adhesion is 
less than cohesion, the less the adhesion the better the parting. 
Where adhesion is greater than cohesion, parting occurs within the 
particles by overcoming cohesion, and variation in adhesion has no 
effect on cleavage. 

Abundance, — The more abundant a good cleavage-producing min- 
eral is and the more area it occupies in the plane of its greater diam- 
eters the better the rock cleavage produced. Aggregation of good 
cleavage-giving particles into layers maj^ give a good cleavage in such 
layers, but may leave intermediate layers with a poor cleavage or with 
none at all. This applies especially to the coarser rocks (schists). 
It is well known that fine-grained slates, yielding the easiest and most 
even planes of parting, show no marked concentration of their differ- 
ent cleavage-giving minerals into layers. 

Below an attempt is made to indicate the extent to which these fac- 
tors are applicable to individual minerals, and to determine the relative 
importance of the minerals as cleavage producers. The cleavage- 
producing factors are discussed in the same order as above. 

MICA. 

Shape and arrangem>ent, — The particles have a ratio of greatest or 
mean diameter to thickness averaging perhaps 100:16, which is the 
greatest difference found in any of the cleavage-making minerals. 
They have a strong tendency to parallelism. The greatest and mean 
diameters do not show any uniform differences in dimensions, and 
hence the only cleavage produced by the parallel arrangement is 
parallel to the plane of the mean and greatest diameters. 

Thickness, — The thickness of the particles in the rocks examined 
varies from about 0.01 to 0.40 mm., but averages perhaps 0.15 mm., 
giving a great number of mica plates and of possible planes of parting 
in a given thickness of rock. 

Cohesion, — Mica has perfect mineral cleavage strictly parallel to its 
greater dimensions. It is the only important cleavage-giving mineral 
in which this relation holds, unless chlorite and talc be here included. 
The cohesion of the cleavage laminae is probably less than in any other 
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mineral with which the mica is commonly associated in a cleavable 
rock, and usually less also than its adhesion with other minerals. As 
a result the parting in a rock containing mica is likely to be caused 
by the separation of the mica plates along their cleavage. 

Adhesion, — As stated above, the adhesion of the micas to other 
particles is usually greater than its cohesion along its own cleavage 
planes, so that parting seldom occurs between micas and adjacent 
minerals. When concentrated into the layers the adhesion of the 
separate crystals of mica may be less than the cohesion of their cleav- 
age, but as the shape of the separate crystals is that of cleavage plates 
the adhesion in this case might as well be called cohesion. Whether 
the parting be through the individual micas or between them the 
parting planes of rocks with secondary rock cleavage containing mica 
show mica as a dominant constituent. 

Abundance, — Mica is very abundant and widespread in the rocks 
with secondary cleavage. In the rocks with coarser cleavage it has a 
tendency to be concentrated into layers, which are usually continuous 
and large in area. In the slates this tendency is slight. 

When considered with reference to all of these factors mica is found 
to be a good producer of rock cleavage, affording great facility of 
parting parallel to a plane, and causing even planes of parting and a 
large number of possible planes of parting in a given thickness of rock. 
Indeed, as will be seen later, mica is probably more important as a 
cleavage producer than all other associated minerals combined. 

HORNBLENDE. 

Shape and arram^genient, — The ratio of the length to the shortest 
diameter varies between 100 : 20 and 100 : 25. The ratio of the two 
shorter diameters is about 100 : 60. The long axes are commonly 
parallel to one another, and in these cases it is not uncommon to find 
a tendency for the least and mean axes also to be parallel. In other 
instances the longer axes are not parallel, but lie in the same plane, 
and the mean and least axes may not be parallel. In the first case the 
rock cleavage is almost anywhere in the zone parallel to the long axes, 
although when the least and mean axes are arranged, probably it is a 
little better in the plane of the greatest and mean axes than in the 
plane of the greatest and least axes. If the effect of their concentration 
into*layers is disregarded the parallel hornblendes themselves tend to 
produce a linear parallel type of cleavage rather than a plane parallel 
type. There is an axis of cleavage rather than a plane of cleavage. 
Where the hornblendes have their longer diameters parallel to a plane 
and not to each other the tendency to parting may be only parallel to 
this plane. 

Thickness, — The smallest diameter in the rocks examined varied 
from about 0.03 to 0.20 mm. 
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Cohesion and adhesion. — Hornblende has good prismatic cleavage 
in two planes inclined at about 28^ to the plane of the greatest and 
mean dimensional development. Where the hornblende particles lie 
with all three dimensional axes respectively parallel, the prismatic 
cleavages are inclined 28° to the plane of cleavage produced by the 
dimeYisional arrangement. The hornblende cleavage therefore assists 
but little in producing a parting parallel to this plane. It may, how- 
ever, and probably does, have an effect in producing the linear parallel 
type of cleavage, just as do the normal crystal dimensions. The 
cleavage is parallel to the unit prism faces and produces forms iden- 
tical with the normal crystal outlines. It is hard to determine whether 
the parting is more easy around the particles than through their cleav- 
age. The resulting forms are practically the same. The glistening 
cleavage surface shown on fresh fracture would seem to indicate that 
the fracture has been through the mineral cleavage planes to some 
extent at least, and when examined with a lens of high power the 
hornblende crystals are seen to have a grooved and irregular surface. 
Whether the parting is through or around the hornblendes, the frac- 
tured surface has irregularities which probably correspond roughly to 
the cleavage surface or to the prismatic shape of the hornblende. 

Abundance. — Where hornblende occurs at all in a secondarv cleavable 
rock it is ordinarily in considerable abundance, not infrequently mak- 
ing up much the greater bulk of the rock. There is also a tendency 
for the hornblendes to lie in layers. However, even where abundant 
and in layers, they do not occupy all of the area of the potential plane 
of parting. An average case would be one in which the hornblendes 
occupy two-thirds of the area, and from this proportion there is grada- 
tion to disappearance. While individual hornblendes tend to produce 
a linear-parallel parting by their shape and cleavage, the effect of their 
concentration into layers is to make the parting approach the plane- 
parallel type. In general, therefore, so far as the hornl)lendes are not 
concentrated into layers they tend to give a linear-parallel parting; so 
far as they are in layers they tend to give the plane-parallel type of 
parting. The connnon case is perhaps intermediate between these two 
extremes. " 

In ^hape and aggregtition, the hornblendes are not so well adapted 
to give the plane-parallel type of rock cleavage as the micas. They 
are better adapted by their shape, cleavage, and aggregation to give a 
linear-parallel tyi)e of parting. In either case their effect is much 
greater than that of (juartz or feldspar. 

«Si>. 40e«(i, si. ir>3r.l, Mesabi district of Mimiesula. 
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QUARTZ. 

Shape and arrangement, — The quartz particles described under (1) 
and (2) on pp. 31-33, that is, the angular and subangular particles due to 
fracturing, showing all gradations in shape into original, angular, sub- 
angular, rounded or crystal-shaped grains, to the slight extent that 
they are arranged, exhibit a tridimensional parallelism. They may 
help to produce a rock cleavage in the plane of their greatest and mean 
diameters, or the plane of their greatest and least diameters (grain 
or side), or even in the plane of the least and mean diameters, depend- 
ing upon the relative differences between the dimensional axes. The 
ratio of the greatest to the least dimensional axes in the rocks measured 
varied from 100 : 50 to 100 : 100. The lengths of the mean axes varied 
from almost that of the greatest to almost that of the least. When in 
slices inclined to the prevailing plane of elongation of the rock mass, 
the effect of the quartz on cleavage is small. The inclination of the 
slices to the prevailing cleavage is usually slight and causes only local 
variations from the prevailing surface of cleavage. 

The quartz individuals in the layers and lenses described under (3), 
on page 33 have a good tridimensional arrangement which may again 
yield cleavage in the plane of the greatest and mean diameters and in 
the plane of the greatest and least diameters. But the layers are so 
thin compared with their length that the cleavage is mainly parallel 
to their flatness. 

In the exceptional spindle-shaped forms described under (3), on 
page 33 the ratio of length to thickness varies widely. In the slides 
examined, it averages 100 : 50. The least and mean diameters of these 
forms are practically the same, so that any tendency to parting which 
these minerals might condition, would be anj^where in a zone parallel 
to the greatest diameter. However, these grains are phenocrysts and 
in themselves probably have little effect. 

In general, the dimensional inequality of the quartz individuals is so 
slight, and their arrangement so poor, that their effect as individuals 
in the production of rock cleavage is small. When aggregated into 
layers, as described on page 33, their effect ma}'^ be considerable. 

Thickness, — In thickness the quartz particles, of course, vary 
widely, ranging from large conspicuous phenocrysts to submicro- 
scopic size. A common thickness for the lenses or layers of quartzes 
described on page 33 is from 0.06 to 0.40 mm. 

Cohesion, — The cleavage of quartz is so poor that it probably has 
no effect on the parting. The cohesion is so great that parting seldom 
occurs across or within the grains. It is a fact of observation that 
cleavage surfaces of schists or slates seldom show fracture surfaces of 
quartz. 

Adhesion.— 1l\\!^ adhesion with other minerals is usually great. It 
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is again a matter of observ ation that cleavage surfaces of schists or 
slates containing quartz seldom show quartz on such surfaces. When 
associated with feldspar in the "" leaf gneisses" it may sometimes 
appear, but in its common occurrence with mica in the mica-quartz- 
schists, mica alone appears. 

Abundance, — Quartz is one of the most abundant minerals of the 
rocks with secondary cleavage as a whole, but varies in individual 
cases from nearly 100 per cent to disappearance. In the coarser schists 
it has a tendency to aggregation into layers. The layers may be con- 
tinuous, large in area, and relatively thin and even. The effect on the 
parting due to the abundance of the particles and to the aggregation 
of the particles into layers is considerable, notwithstanding the fact 
that the individual particles are so poorly adapted by their dimensions 
and arrangement to induce a good parting. 

The total effect of the quartz in the production of cleavage is much 
less than that of either the mica or the hornblende. The parting is 
less easy. The plane of cleavage is as a rule less smooth, although 
probably, when the quartz is in the recrystallized layers, it is nearly as 
smooth as that due to hornblende. The planes of parting are much 
less numerous for a given thickness. When compared with the feld- 
spars, as will be seen further on, quartz probably has the greater 
effect on rock cleavage. 

FELDSPAR. 

Shape and arrangement. — The feldspar with crystal and lenticular 
outlines, (1) page 35, has in part its longer diameters in the plane of 
rock cleavage. The diameters in this plane are not respectively par- 
allel. The ratio between the greatest and least diameters varies from 
100 :50 to 100 :75. So far as any rock cleavage is produced by the 
shape and arrangement it is parallel to a plane. The angular feldspar 
pailicles described under (2), on pages 37-39, have a very slight ten- 
dency to parallel arrangement. Such as it is, it is probably usually 
tridimensional. The difference between the greatest and least diam- 
eters is not large, 100 : 40 being an extreme and 100 : 60 to 100 : 75 
being common ratios. The parting may be parallel to the plane 
of the greatest and mean axes and also to the plane of the greatest and 
least axes (grain and side). But in either case, owing to the poor 
arrangement and the small inequality in the axes, this tendency 
to parting is very slight. The residual feldspars left after granules 
have been rubbed off may themselves lie in irregular parallel lenticules 
(fig. 14). W^here the feldspar has been sliced (see p. 38) the longer 
axes of the slices usually lie at low angles to the plane of rock cleavage 
(figs. 15, 16, 17). The ellipsoidal and lenticular forms described on 
page 39 usually have their longer diameters in the plane of rock 
cleavage. The individuals show a ratio of greatest to least axes of 
100 : 30. 
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In the cleavable rocks feldspar with random arrangement is prob- 
ably as abundant if not more abundant than feldspar with parallel 
arrangement, so that even were the effect of the arranged feldspar 
considerable, the total effect of feldspar on cleavage due to its dimen- 
sional arrangement would be very slight. 

Thickness, — The thickness, of course, varies widely, from the largest 
phenocrysts to submicroscopic size. In the slides examined the 
arranged feldspars were not thicker than 3 mm. 

Cohesion, — As the parallel arrangement of feldspar particles is mainly 
dimensional and not crystallographic, it follows that the cleavages of 
the different feldspar particles in general are not parallel and there- 
fore have no uniform effect on the rock cleavage. In exceptional 
instances the feldspar particles exhibit both dimensional and crystallo- 
graphic parallelism, and the feldspar cleavages have an effect on the 
rock cleavage. The good basal cleavage stands at right angles to the 
greater dimensions of the crystal, and hence to the plane of rock 
cleavage, to which the greater dimensions of the crystals are parallel. 
As the greater diameters of the crystals are parallel only to the plane 
of rock cleavage and not to each other, the basal cleavages of the dif- 
ferent crystals, while always at right angles to the plane of the great- 
est and mean diameters, may be at any angle to one another. The 
poor macropinacoidal or brachypinacoidal cleavage may stand either 
normal or parallel to the rock cleavage determined by the dimensional 
arrangement of the constituent particles, depending upon the nature 
of the tabular development of the feldspar, whether brachypinacoidal 
or macropinacoidal. In the former case it is parallel to it; in the lat- 
ter case it is at any azimuth normal to the plane of the dimensional 
cleavage, but of course always at right angles to the basal cleavage. 

The characteristic arrangement of the basal feldspar cleavage normal 
to the plane of dimensional cleavage, to which the greater axes of 
the feldspars lie parallel, has a tendency to produce another rock cleav- 
age at right angles to the rock cleavage conditioned by the dimensional 
arrangement of the constituent minerals of the rock. The cross 
cleavage may be well seen in the examination of hand specimens. On 
the ragged edges of parting normal to the best rock cleavage anywhere 
in a zone about the specimen, there may be seen numerous glistening 
cleavage faces of feldspars, many of them undoubtedly basal and some 
of them pinacoidal; while on the cleavage surfaces of the rock the 
feldspar cleavages usually do not appear. The basal cleavage of the 
feldspar would tend to make a better rock cleavage than a rock cleav- 
age produced by the arrangement of the pinacoidal cleavage of the 
feldspar alone, or by the arrangement of the greater and mean dimen- 
sional axes, or both; but the total cleavage-producing effect of the 
feldspar in any plane is very small compared with that of the other 
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minerals usually present, and thus the cross cleavage produced by the 
feldspar is usually insignificant compared with the cleavage formed by 
the dimensional arrangement of the other constituents. 

Adhesion, — The adhesion of the feldspar particles to adjacent par- 
ticles is usually great, probably greater than its own cohesion pr the 
cohesion or adhesion of the particles with which it is associated, with 
the exception of quartz. As a result feldspars do not appear uni- 
formly on the cleavage face of the schist except where the feldspar is 
associated with quartz, as in the case of leaf gneisses. In the case of 
uniform crystallographic arrangement, the feldspar cleavage surfaces 
may appear as indicated in the preceding paragraph. 

Abundance, — Feldspar is one of the most abundant of the minerals 
of the cleavable rocks. It shows a slight tendency to aggregation 
into layers, particularly where granulated and in the coarser schists. 
Where the feldspars have crystal outlines they are usually porphy- 
ritic and not concentrated into the planes of rock cleavage; where in 
layers the effect on cleavage is probably greater than where not so 
aggregated. 

In general, feldspar exerts its effect on rock cleavage in two ways: 
(1) By its shape, dimensional arrangement, and aggregation it gives a 
little assistance to other minerals in producing rock cleavage parallel 
to the greater dimensions of the particles; (2) in the rare cases where 
feldspar has crystallographic as well as dimensional arrangement the 
mineral cleavages of the feldspar condition a poor rock cleavage, both 
parallel and normal to the greater diameters of the particles. 

Feldspar and quartz have less effect on the production of rock cleav- 
age than any of the other principal cleavable rock constituents. With 
respect to the effects of the mineral cleavages on rock cleavage feld- 
spar is more important than quartz. If the effect of an arrangement 
parallel to their flatness is compared, it seems that feldspar is far less 
important than quartz. As the arrangement parallel to the flatness 
is more common than parallelism of mineral cleavage in both quartz 
and feldspar, it is seen that the general effect of quartz on cleavage is 
probably more important than that of feldspar. For this reason feld- 
spar has been placed last in the group of principal cleavage-making 
minerals. In its cleavage-producing capacity it is, however, unique 
among the minerals in affording rock cleavage in two directions at 
right angles to each other. 

The comparatively slight effect which feldspar has in the production 
of cleavage is well illustrated in certain f eldspathic rocks of the Wau- 
sau district of Wisconsin. Here in a number of places the feldspars may 
be observed to have tridimensional parallelism, yet in breaking out a 
hand specimen only a very poor rock cleavage, parallel to the basal 
cleavages of the feldspars, or parallel to the greater dimensions of the 
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parallel crystals may be observed.^ The same lack of cleavage when 
the feldspar is well arranged appears in certain of the Archean felds- 
pathic schists of the Mesabi district of Minnesota. 

CALCiTE. 

r 

Shape and arrangement, — ^The shape of the calcite particles varies in 
different slides. Where in angular and ellipsoidal grains (p. 41) the 
ratio of the longest to the shortest axes of the particles varies widely, 
but 100 : 50 was found to be an average for several slides. The pai*al- 
lelism of the longer axes is not marked, but still a distinct tendency 
toward it can be detected. The rock cleavage produced depends on 
the differences in the three dimensional axes and the degree of arrange- 
ment, and is (1) parallel to the plane of the greatest and mean diam- 
eters — this may be fairly good — and (2), parallel to the plane of the 
least and greatest diameters — a very poor cleavage. 

Thickness. — The thickness varies from submicroscopical to, perhaps, 
several centimeters. 

Cohesion. — ^The calcite cleavage is rhombohedral. In practically all 
cases this cleavage is at random angles to the plane of the greatest 
development of the particles. In one instance the acute angles of the 
cleavage faces were observed to show a slight and doubtful tendency 
to lie in the plane of rock cleavage, giving the rhombohedral cleavages 
an inclination of 37^° to the plane of the greatest dimensional axes and 
to the rock cleavage. 

Adhesion. — Adhesion of the particles to one another and to other 
particles is not far different from the cohesion of the mineral along 
cleavage planes. In the most cleavable marbles the plane of parting 
is a smooth one and shows but few calcite faces, which indicates that 
the rock cleavage follows the greater diameters of the constituent par- 
ticles. Cleavable marbles with a poor cleavage commonly show the 
calcite cleavage faces on the rock cleavage surface. 

Ahundam.ce. — Calcite, when present at all, is likely to make up a 
considerable proportion of a rock, where in subordinate amount there 
is a strong tendency to be concentrated into layers. 

The total effect of calcite in producing rock cleavage measured by 
the importance of the above factors may be considerable in the cleav- 
able marbles (see PL XVI). So far as observed the effect is due 
entirely to the shape and parallel arrangement. It must be remem- 
bered, however, that cleavable marbles are rare when compared with 
the abundance of noncleavable marbles, which have undoubtedly been 
under conditions of rock flowage. 

aSp. 5678, Wausau, Wis., cf. Weidman. 
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CHLORITE. 

In general the same statements can be made concerning chlorite that 
were made above for mica. It has much the same shape. The paral- 
lel structure is not so common as in mica, but locally it is quite as good. 
Chlorite is not classed with the micas because in the typical rocks with 
secondary cleavage it is certainly far less abundant. 

KAOLIN AND TALC. 

Talc has essentially the same effect on cleavage as chlorite, but is a 
rare constituent in the rocks with secondarj^ cleavage as a whole. 

TREMOLITE, ACTINOLITE, GRCNERITE, AND OTHER AMPHIBOLES. 

Shape and arrangement, — The particles are commonly greatly elon- 
gated. The ratio of the length to the breadth is great. The crystals 
lie for the most part in random directions, but in some cases are par- 
allel to a plane, and perhaps to a line. Rosettes or sheaf -like aggre- 
gates also are common, and the individuals 6f these aggregates may 
have a greater development in the plane of rock cleavage than normal 
to it. 

Thickness, — The rosettes are sometimes a foot in diameter, while 
there is every gradation from this to submicroscopic size. Commonly 
the crystals are very thin. 

Cohesion, — Where the particles are at all definitely arranged, the 
inclination of the planes of the prismatic cleavages to the plane of the 
greater diameters is not known; the particles are for the most part too 
fine to determine this. From the general arrangement of the individual 
particles it may be stated that it is probable that in general there is 
no uniformity in this inclination, but that in certain cases, from anal- 
ogy with the hornblendes, the acute angles of the prismatic cleavage 
lie in the plane of rock cleavage, in which cases the planes of pris- 
matic cleavages lie at angles of 27^ to the plane of rock cleavage. 
The effect of this factor in the production of the rock cleavage must, 
however, be practicably negligible because of the imperfect dimen- 
sional arrangement of the particles. 

Adhesion, — Concerning the adhesion of the particles, it can be said 
that cleavage surfaces of rocks containing them commonly show the 
particles on the surface. It is presumable that most of them appear 
with the normal outlines of the particles, but some of them undoubt- 
edly present the cleavage surfaces of the minerals. 

Abundance, — ^The minerals are not abundant in the rocks with 
secondary cleavage as a whole. They are, however, often found in the 
derivatives of calcareous and sideritic rocks. In such rocks they 
show a tendency toward segregation into layers. This is shown in 
some cases by the greater development of the rays of a rosette or 
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sheaf-like aggregate in certain planes. Their concentration into layers 
affords a poor parting. 

The total effect of these minerals in the production of cleavage is 
relatively slight. In some comparatively few instances their parallel- 
ism and aggregation are such that a poor parting is produced; but their 
common occurrence is in blades which interlock to such an extent 
that parallel planes of parting are not possible, and indeed in places 
the minerals by their interlocking prevent the parting which the other 
constituents of a rock have a'tendency to condition. 

TOURMALINE. 

Shape and arrangement. — The crystals are elongated in the prism 
zone. The ratio between the longer and the shorter diameters varies 
considerably, a number of measurements of different specimens show- 
ing a maximum of 100:20 and a minimum of 100:60. The elongated 
particles have a marked tendency to lie parallel to the plane of rock 
cleavage. In this plane there is also to be observed at times a ten- 
dency for the crystals to lie with their longer dimensions parallel. 

Thickness, — The absolute thickness, of course, varies greatly. The 
crystals measured vary from 0.1 to 1 cm. in thickness. 

Cohesion. — The particles themselves have practically no cleavage. 

Adhesion. — In breaking a cleavable rock containing tourmaline, the 
parting commonly occurs around the tourmaline individuals. The^ 
adhesion with the other particles with which it is associated is thus 
slight. 

Abundance. — Tourmaline, even where most abundant, does not form 
any considerable proportion of a rock with secondary cleavage, and 
occupies no large area in the plane of possible parting. It also shows 
little or no tendency toward concentration into layers. 

The total effect of the tourmaline on the production of cleavage is 
slight. Such as it is, it is due to its shape and arrangement and weak 
adhesion to the adjacent particles. It can produce but few planes of 
parting, and these planes are very uneven. It may aid other minerals 
in producing cleavage by preventing fracturing across its longer 
dimensions. 

STAUROLITE. 

Shape and arrangement. — Staurolite occurs as tabular individ- 
uals, frequently with cross twins. The crystals have a strong tend- 
ency to lie with their tabular development approximately parallel to 
the plane of rock cleavage, although there are many exceptions to 
this. 

Thickness. — The absolute thickness varies widely, from submicro- 
scopic to 2 cm. or more. 
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Cohesion. — The staurolite cleavage is so poor that parting is seldom 
or never observed to occur parallel to it. 

Adhesion. — The adhesion of the particles to the adjacent minerals is 
slight, although probably greater than that of garnet or tourmaline. 
On cleavage surfaces of rocks the staurolites are likely to appear with 
their natural crystal surfaces. 

Abundance. — Staurolite crystals, even where most abundant, occupy 
but a small proportion of the area of possible parting. They are 
seldom or never concentrated into layers. 

Staurolite has practically no effect in the production of cleavage. 
Such as it has is due to its tabular development and low adhesion and 
its tendency to lie with its tabular development in the plane of rock 
cleavage. 

OTTRELITE. 

Shape and arrangemsnt. — As shown on pp. 44-45, ottrelite occurs in 
a variety of forms, but only one shows any parallel arrangement in 
rocks with secondary cleavage. This appears in flat crystals with a 
ratio of the greatest to the least diameters varying from 100:50 to 
100:35. 

Thickness. — The absolute thickness of the crystals measured varies 
from 0.24 to 0.90 mm. — averaging perhaps 0.45 mm. 

Cohesion. — The cleavage of the particles is basal, and corresponds 
with the longer diameters of the particles. Hence, so far as the crys- 
tals have any arrangement, the mineral cleavage is parallel to the 
plane of rock cleavage. 

Adhesion. — The adhesion of the particles to other particles is greater 
than its own interior cohesion or the cohesion of anv of the other 
minerals with which it is associated except, perhaps, mica. The bril- 
liant basal cleavage is all that usually appears on a surface of rock 
cleavage. 

' Abundance. — Ottrelite crystals are not abundant, and show no con- 
centration into layers. 

The total effect of the ottrelite in the production of cleavage is prac- 
tically nothing. 

ANDALUSITE. 

Shape and arrangement. — These crystals are greatly elongated in 
the prism zone. The ratio of length to thickness was found from a 
number of measurements to average about 100:10. The crystals run 
in every direction through the rock, but there is a greater tendency 
for them to lie parallel to the plane of rock cleavage than transverse 
to it. 

ThicJcness. — The absolute thickness in the specimens measured is 
small, 0.15 mm. being, perhaps, an average. 
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Cohen lo7i, — The cleavage of the particles themselves is poor, and the 
rock cleavage is seldom seen to follow the mineral cleavage. 

Adhesion, — The adhesion of the particles to the other minerals with 
which the}^ are associated is usually slight, as shown by the fact that 
the crystals commonly appear on the cleavage surfaces of the rock con- 
taining them. 

Abundance. — When most abundant andalusite makes up but a small 
proportion of the rock, and shows but a slight tendency toward concen- 
tration into layers. 

Compared with the other subordinate cleavage-producing minerals 
andalusite may have considerable effect in the production of cleavage 
on account of its shape, parallelism to a plane, and low adhesion. It 
has also a negative effect in preventing cross fracture. Its impor- 
tance is indicated by the number of crystals usually appearing on a 
cleavage surface of the rock containing this mineral. 

SILLIMANITE. 

Shxipe and arrangement, — This mineral occurs as slender acicular 
crystals, which are sometimes almost hairlike. Average measurements 
are difficult to obtain as the crystals are characteristically broken 
across, and it is not possible to determine the limits of the individuals. 
There is a strong tendency to parallelism of their longer dimensions, 
either in individuals or in sheaf-like bunches or aggregates. 

Thickness, — The absolute thickness is verv small, as is indicated 
above. 

Cohesion, — The mineral cleavage parallel to the brachypinacoid is 
perfect; but the crystals are not flat, and this cleavage probably does 
not have any uniform relation to the plane of rock cleavage. The 
crystals are so fine that no direct observations of this relation have 
been made. 

Adhesion, — The adhesion of the particles to other particles is small, 
as is shown by the fact that the sillimanite commonly appears on the 
fracture surface of the rock with secondary cleavage in which it occurs. 

Abundance, — Sillimanite is not abundant, and forms no considerable 
proportion of the rocks in which it is present. It is, however, con- 
centrated into layers to a considerable extent. 

When the mineral is present in a rock with secondary cleavage, its 
effect on the parting may be considerable. The effect comes from 
its shape, parallelism, poor adhesion, and its concentration into layers. 

GARNET. 

Garnet is isotropic, has no cleavage, and has but a slight tendency 
to concentration into layers; hence the effect on the production of 
cleavage is practically nothing. 
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SUMMARY STATEMENT OF EFFECT OF PRINCIPAL CLEAVAGE-GIVING MIN- 
ERALS (mica, HORNBLENDE, QUARTZ, FELDSPAR) ON FLOW OLEAVAGE. 

Shape and arrangement. — With reference to the inequality of the 
dimensions of the fragments the micas stand easily first, hornblende 
second, quartz third, and the feldspars last. Between the micas and 
hornblendes the difference is wide; between hornblende and quartz it 
is still greater; between quartz and feldspar it is little. 

The degree of parallel arrangenjent varies with the inequalit}'^ of 
the axes of the fragments; the micas have the best arrangement, while 
the feldspars have the poorest. 

The parallel unequiaxial particles of cleavable rocks tend to cause 
the best cleavage parallel to the plane of the greatest and mean 
diameters. In mica there is no uniform difference between the mean 
and greatest diameters, and hence the mineral affords no other cleav- 
age. In hornblende there is but little disparity between the least 
and mean diameters, and hence the greatest and least diameters give 
a cleavage almost as good as that afforded by the greatest and mean 
diameters. There is an axis rather than a plane of cleavage. In 
quartz and feldspar the difference between the greatest and mean 
diameters is usually slight, but when arranged there may be a tendency 
to produce other cleavages parallel to the plane of the greatest and 
least diameters (side)^ and rarely and doubtfully even parallel to the 
plane of the least and mean diameters (end). 

It is to be remembered that all of these minerals may exceptionally 
occur as porphyritic constituents in rocks with secondary cleavage, in 
which case there may be no dimensional arrangement. 

Thickness. — With reference to the absolute thickness, and hence the 
number of possible planes of parting in a given thickness of rock, the 
order on the average is mica, hornblende, quartz, and feldspar, although 
local conditions may change this order. 

Cohesion. — In the effect of its own mineral cleavage one group of 
minerals — the micas (and chlorite, kaolin, and talc) — stands preeminent. 
Not only is the cleavage of the micas exceedingly good along one plane, 
but this plane corresponds exactly with the plane of the greatest 
dimensional development of the crystals. The mineral cleavage and 
the dimensional arrangement work together. Next in importance is 
the hornblende cleavage. The hornblende cleavage aids the dimen- 
sional arrangement of this mineral in producing the linear-parallel 
type of parting. The influence exerted by the feldspar cleavage is 
relatively slight. Of the two feldspar cleavages one is commonly 
parallel to the plane of the greatest dimensions, and the other, the best, 
normal to it. This latter is a conspicuous feature. Feldspar is there- 

a Such cleavage has been called "false cleavage" by Sharpe. 
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fore unique among cleavage-producing minerals in affording two 
cleavages at right angles to each other. 

Adhesion. — In general there is great adhesion between the mineral 
particles, as evidenced by the fact that the minerals appearing on the 
rock cleavage surface are likely to exhibit their mineral cleavage 
planes, indicating that parting has occurred within the micas, the 
hornblende, or the feldspars. Less commonly it occurs between the 
hornblende and adjacent minerals, or between the quartz and feldspar 
and adjacent minerals. 

Abundance, — As to abundance, no comparative statement can be 
made. The minerals vary widely in proportion in different rocks. 
Quartz and the feldspars, however, in general probably make up a 
greater bulk of the rocks with secondary cleavage than do the horn- 
blendes or the micas. As to aggregation into layers, particularly^ in 
the coarser cleavable rocks, the micas are again far in the lead, with 
hornblende and quartz next, and the feldspars probably last. This 
gives a better parting but fewer planes of parting in a given thick- 
ness of rock. The tendency of all minerals toward concentration into 
layers rather than toward even distribution is the characteristic fea- 
ture for the coarser cleavable rocks. For the slates the grain is so 
fine that this concentration can not be observed. 

Mica, then, stands easily first as a cleavage producer. It is more 
important probably than all the other minerals together, because of 
the parallelism of its perfect mineral cleavage with the rock cleavage 
afforded by its greater dimensional arrangement, a condition found in 
no other mineral. Its cleavage is parallel to a plane. Hornblende 
stands next in importance, and locally may produce a cleavage nearly 
as good as that made by the micas. Its effect is to produce either a 
plane-parallel or a linear -parallel type of cleavage, or some combina- 
tion of these. Quartz and the feldspars are relatively unimportant 
compared with the first two minerals. Quartz probably has a greater 
effect than feldspar, due to its better dimensional arrangement. Feld- 
spar, however, when arranged by recrystallization, exerts through its 
own cleavage a unique influence in producing cross rock cleavage. 



CHAPTER HI. 

THE PROCESSES THROUGH WHICH THE SECONDARY PARALLEL 
ARRANGEMENT OF MINERALS IS BROUGHT ABOUT. 

The production of secondary parallel structures has been observed 
to be associated with the deformation of rocks. A consideration of 
the factors of rock deformation in general will enable us to see more 
clearly the nature of the particular kind of deformation which is 
accompanied by the production of parallel structures. 

As has been shown by observation and experiment the principal 
factor in the deformation of rocks is differential pressure. The state- 
ment is almost axiomatic. For the present purpose, it is immaterial 
whether the pressure be produced vertically by the superincumbent 
weight of strata, horizontally by the lateral thrust due to the crustal 
shortening of the earth, by the intrusion of igneous rocks, by increase 
of temperature, or by any combination of these or other causes. Other 
factors affecting the manner of rock deformation are the physical and 
chemical properties of the constituent minerals, the original arrange- 
ment of the minerals, and the conditions of temperature, moisture, 
and time under which rocks are deformed. According to the relative 
importance of these factors, rocks yield to pressure in different ways. 
The adjustment may be accomplished by coarse fracturing and differ- 
rential movement; by minute slicing; by fine fracturing • extending 
only through the individual mineral particles of the rock, called gran- 
ulation; by chemical change or redistribution, called crystallization 
or recrystallization; by the molecular-mechanical change of gliding 
along crystal planes; by parallel rotation of its constituent parts, with- 
out either molecular change or fracturing; or by any combination of 
these methods. Where the rock has permanently changed its form 
without losing its integrity, the molecular attraction being strong 
enough to hold the particles together, it is said to have flowed. All 
of the processes through which the rock may change its form may be 
effective in rock flowage, the essential limitation being that fracturing 
must not be so extensive or so preponderate over the other processes 
as to disintegrate the rock. 

One of the common results of " rock flowage" is a parallel arrange- 
ment of the mineral constituents of the rock, giving it a "flow" cleav- 
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age. So common is such an arrangement in rocks which have been 
deformed by ''flowage" that the existence of a parallel arrangement 
is commonly accepted as proof that a rock has flowed. For those not 
accepting this as proof, however, there is other evidence as is noted on 
pp. 102-108. 

Where rock deformation occurs by slicing a ''fracture cleavage" 
may be developed independent of any parallelism of mineral con- 
stituents. This occurs through the development of incipient fractures 
or the welding or cementation of parallel fractures, yielding parallel 
planes of weakness. 

The conditions under which fractures are prominent may be observed 
near the outer part of the lithospbere. The conditions under which 
fractures are less extensive or subordinate "to other processes of 
deformation are believed to exist at greater depth. Hence for con- 
venience in discussion, the outer part of the lithosphere has been 
designated by Van Hise^ the zone of fracture, while the deeper zone 
where rocks are deformed without fracture more extensive than granu- 
lation, has been designated the zone of rock flowage. It is readily 
understood that there is no sharp and regular plane of demarcation 
between these zones, but everywhere gradation and irregularity. For 
some rocks the zone of fracture extends to great depth; for others 
the zone of flowage extends to the surface. Local physical condi- 
tions may also cause these variations for the same rock. An attempt 
has been made by Van Hise to determine, on a basis of observed fact 
and mathematical deduction, the approximate depth to which the zone 
of fracture may extend, the result obtained being about 12,000 meters 
for the hardest rocks. Below this depth fractures probably do not 
exist; the rock flows when deformed. Thus flow cleavage, as a result 
of rock flowage, is essentially a phenomenon of the deep-seated zone 
of flowage. It appears at the surface through the removal of the 
overlying rock by erosion. 

In this, chapter flow cleavage will be discussed. The consideration 
of fracture cleavage is deferred to Part II. 

SECTION I. GENERAL ACCOUNT OF POSSIBLE PROCESSES OF 
ROCK FLOWAGE YIELDING PARALLEL ARRANGEMENT. 

It follows from the foregoing that the processes resulting in the 
change of form in the rock during flowage must also be the ones which 
in some way result in bringing about the parallel arrangement of the 
mineral constituents. These processes in their relation to parallel 
arrangement are: 

(1) Crystallization and recrystallization, resulting in flattening of 

a Van Hise, C. R., Principles of North American pre-Gambrian geology: Sixteenth Ann. Bept. U. 8. 
Geol. Survey, pt. 1, 1896, pp. 689-603. 
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old mineral particles and growth of new ones in planes of easiest relief. 
These processes might conceivably also result in segregation of min- 
erals of the same kind into bands, with or without parallel arrange- 
ment of the constituent particles, and might thus afford a parallel 
parting due to differing tenacity in or between different bands. 

(2) Gliding along definite planes in minerals, resulting in flattening 
of the mineral particles. Gliding, cr3^stallization, and recrystallization 
are the only processes which have been suggested to explain the flat- 
tening of mineral particles without fracture. 

(3) Rotation of particles, of whatever origin, toward a parallel di- 
mensional arrangement. 

(4) Granulation without rotation may produce a parallel arrange- 
ment of the mineral constituents l)y leaving residual parallel grains 
and by breaking the particles into slices which have a rude parallel- 
ism. Through the crystallization of other constituents, or through 
the cementing of such fractures by infiltration of mineral material, or 
through the uniting of the parts due to molecular attraction under 
pressure, the rock may retain its integrity. 

The nature of each of these possible processes will be considered, 
after which will be taken up their relative impoi-tance in the arrange- 
ment of individual minerals and in the arrangement of the particles of 
the metaclasic rocks as a group. 

CKYSTALLIZATION AND KECRYSTALLIZATION. 

Crystallization and recrysbdlization include the grow^th of old crys- 
tals, fortunately orientated, in the plane of easiest relief, and the pro- 
duction of entirely new crystals with their greater dimensions in the 
same plane. 

Attention has been paid to this subject by many investigators, but 
the latest and fullest dij^cussion, especially in application to the develop- 
ment of secondar}^ rock cleavage, has been made by Van Hise,^ whose 
work is briefly summarized below. 

Crystallization and recrystallization arc brought about by solution 
and deposition of minerals principally through the agency of water. 

Water has long been known to have the power of taking minute 
quantities of mineral matter, including silicates, into solution. At 
ordinary temperature this process is exceedingly slow, yet it occurs 
to an appreciable extent; at higher temperatures it takes place much 
more rapidly. Barus has shown 180° C. to be the critical temperature 
for glass. At higher temperatures glass is dissolved in water very 
rapidly — froui 180° to 220° C. it remains in a colloidal state, and 
be^^ond 220° it is in clear solution. In lowering the temperature the 
glass goes through a reverse series of changes. Temperatures as high 

a Van Hise, C. R., Bull. Geol. Soc. America, vol. 9, 1898, pp. 26&-328; Mon. V. S. Geol. Survey, 
vol. 47, 1904. 
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as 180° C. exist in the crust of the earth at a depth of about 5,000 
meters, with the normal temperature gradient, though in regions of 
volcanic or dynamic action this temperature may exist near or at the 
surface. Barus has shown the solution of glass to be accompanied by 
a diminution of the volume of the glass- water system, and probably also 
by the development of heat. Vice versa, the deposition of glass from 
the glass- water system is accompanied by increase in volume of the 
glass-water system and by absorption of heat. Pressure and tempera- 
ture therefore have an important influence on the solution and depo- 
sition of the glass. If refractory glass behaves in this way, minerals 
in rocks are likely to yield to similar changes even more readily. 

All rocks contain water, in supercapillary, capillary, and subcapil- 
lary openings. Under varying conditions of high temperature and 
pressure of the lower zone of flowage now under discussion this water 
must be active in taking mineral material into solution and depositing 
it. The water takes the material from the mineral particles and deposits 
it in an unstrained crystal form, either on the parts of the same particle 
or elsewhere. There is probably no extensive migration of material, 
for the openings are minute. If an entirely new mineral or crystal is 
developed the process is called crystallization; if an old particle is 
regenerated or changed in form the process is called recrystallization. 
However, there is no sharp line between the two. The material for 
crystallization may come from minerals close at hand, and thus, so far 
as the rock as a whole is concerned, the process is really recrystalliza- 
tion. In the following the two terms are separated when practicable, 
but in many cases it seems advisable to use the term recrystallization to 
cover the general process of molecular change for the rock as a whole. 

Pressure is the dominant factor. If the pressure on a solution near 
the solubility temperature of the solute increases, solution takes place; 
if it decreases, deposition occurs. In a rock undergoing deformation, 
pressure on capillary and subcapillary filaments of water probably 
varies from time to time and from place to place. It must vary in 
different-sized openings. This may result in crqwding the water out 
of the places of great pressure and concentrating it in places of less 
pressure. If near the critical temperature, deposition may be sup- 
posed to take place wherever the lessening pressure, causing supersatu- 
ration, allows it. 

On the other hand, with the pressure near the critical point, changes 
of temperature will cause solution and deposition. A rise of temper- 
ature may enable the water to take more material into solution, while 
a fall of temperature may cause supersatu ration of the solution and 
consequent deposition. Different parts of the same rock mass may be 
at different temperatures, and solutions moving from place to place 
almost certainly find conditions of temperature favorable for deposit- 
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iiig their load; also, the temperature at the same point may vary 
from time to time. 

A third factor in influencing deposition is the selectiv^e influence of 
the solid mineral particles with which a solution comes in contact. 
There is a tendency for minerals to select from solution material like 
that of which they are composed and add it to themselves in crystal- 
logmphic continuity. Of course, some minerals, under given condi- 
tions, have much greater power in this way than others; such are those 
favored by possessing a mineral habit, cleavage, or density best 
adapted to the conditions of existing pressure. Certain particles 
fortunately oriented may grow or survive, while adjacent particles, 
not so oriented, may be destro^^ed. 

Another factor affecting the solution and deposition of mineral 
material is the physical condition of the mineral particles. If the 
minerals with which water is in contact are in a state of strain, 
and thus have energy potentialized in them, solution is known to 
be greatly accelerated. As the mineral material after deposition 
is not in a state of strain the process of recrystallization obliterates 
evidences of strain. If a strained condition of the minerals acceler- 
ates solution a condition of no strain in the mineral in contact with 
the solution does not accelerate solution, and thus may be of negative 
assistance to deposition. The strain effects present in a mineral are 
probably dependent largely on the position of the mineral crystal 
with reference to pressure, minerals unfavorably situated being most 
stmined and hence likely to be £he first to go into solution. 

With the proper combination of the above factors old mineral par- 
ticles grow and new particles develop with their greater diameters in 
the directions of relief from pressure. The relations of these direc- 
tions of relief to pressure are discussed on pages 109-118. 

The process of molecular change by crystallization or recrystalliza- 
tion is thus one of solution and deposition of mineral material by the 
water contained in rocks. In its accomplishment much or little water 
may be used, but an extremely small amount only is necessary. Also 
the amount of material in solution niav be much or little, but it is 
usually so small compared with the adjacent solid minerals that the 
rock throughout the process of its change of form by recrystallization 
is essentially a solid. Indeed, there is evidence that changes between 
solid particles may occur, to a yet unknown extent, without the inter- 
vention of water, but the important process is believed to be as above 
described. 

Crystallization or recrystallization under rock deformation tends to 
result in the condensation of chemical systems — that is, the minerals so 
developed during rock flowage usually have a higher specific gravity 
than the average of the minerals from which they are derived. 
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Thus far Van Iliso's discussion has been followed in the main. 
Below are discussed certain additional features of the subject which 
have appeared during the investigation here reported. 

Criteria for deter in Inrmj cri/stalllz(tt!(m nr recryxtallization, — Cri- 
teria for determining the probability of crystallization or recrystalliza- 
tion of a given mineral during rock flowage ma}^ in part be deduced 
from what has been said on the principles of recrystallization, but in 
large part they have been brought to mind V)y a stud}'^ of individual 
minerals during this and other investigations. They are as follows: 

(1) The conditions of depth, temperature, moisture, or time under 
which the rock is deformed. Often important evidence can be obtained 
which will show this, and thus determine the presumptive importance 
of recrystallization. The presence of water is usually an essential 
condition. 

(2) The nature of the rock itself as showing the probability of its 
yielding by recrystallization, rotation, or fracture. 

(3) The mineral associations and the character of the mineral itself. 
Not infrequently the mineral is known to be of a secondary nature from 
its characteristics of color, zonal growth, etc. 

(4) Presence of minerals in a metaclasic rock which were not pres- 
ent in the rock from which the metaclasic rock can be shown to have 
been derived. 

(5) The occurrence of minerals with their greater diameters at 
right angles to an original structure — such as bedding — which does 
not show suflScient deformation to warrant the assumption that the 
minerals at right angles to the bedding reached their position through 
rotation. Such minerals could not have been deposited in this position; 
they could not have been rotated to this position; development in situ 
is the onlv alternative. 

(6) The shape of mineral particles in the rocks with secondary cleav- 
age, as compared with the shape of those in original igneous rocks. 

(7) The manner of contact of the minerals. In the micas, for instance, 
the laminae of one crystal feather out diagonally against those of 
another, giving close diagonal contact, which could be produced only 
by molecular adjustment. 

(8) The size of the particles. Crystallization or recrystallization 
has a tendency to increase the size of the grain (see pp. 76-78). If the 
grain is coarser than seems necessar}'^ for the amount of deformation 
the rock has undergone, or coarser than in the original rock, crystal- 
lization or recrystallization, the only constructive processes known, 
must be the cause. This evidence is decisive in many cases, as for 
instance, in a coarse schist derived from a mud stone. 

(9) Better than the size of grain* is the evenness of grain. It is 
shown (pp. 71-78) that recrystallization combined with granulation 
has a marked tendency to produce an even grain. 



LMTH.] PROCESSES OF MINERAL ARRANGEMENT. 71 

(10) The lack of strain effects commensurate with the deformation 
shown by the rock as a whole or by adjacent minemls. When strain 
effects are present in most minerals they are conspicuous; when absent 
or slight this is easily determined. 

(11) The complete parallelism of minerals, or, what amounts to the 
same thing, the lack of bending or breaking due to interference of 
particles, which would necessarily be in evidence if the particles had 
been much rotated. 

(12) Reerystallization has a tendency to segregate minerals of the 
same kind into bands, in this showing great similarity to original flow 
structure. 

Crystallization or reerystallization accompanied hy rotation, — Crys- 
tallization or reerystallization is usually accompanied by rotation of 
the particles, as will be shown in the discussion of the relations of par- 
allel structure to pressure (pp. 109-118). 

So-^ioUed flattening of particles in situ largely a process of reerystal- 
lization. — It is believed that the so-called "flattening of particles in 
situ," so frequently cited, occurs in most cases through the process of 
reerystallization above described. But gliding along mineral cleavage 
planes may be partially responsible in some cases. 

ROTATION. 

The part which rotation plays in producing a parallel arrangement of 
mineral constituents during deformation is most diflScult to determine. 

Effectiveness of rotation in bringing about an approach to parallel- 
ism of mineral constituents in rocks with secondary cleavage may 
depend upon the conditions of temperature, moisture, pressure, and 
speed under which the rock is deformed and upon the characteristics 
of the particles themselves — their size, shape, and manner of aggrega- 
tion. The interrelations of these two factors, determining the rotation 
of a mineral particle, are exceedingly complex. 

When differential pressure is applied to the complex mass of parti- 
cles forming a rock, and the rock flows, there is a tendency to a rota- 
tion of all particles which are not already arranged with the best 
possible attitude toward the pressure there acting — i. e., on all particles 
on which couples are eflective under the given stress conditions. This 
applies to all particles, whether original, recrystallized, or recrystal- 
lizing. 

If there is freedom of movement of the particles, suflScient rotation 
is likely to cause approach to parallelism. In a soft, plastic clay which 
is deformed at the surface under conditions where reerystallization is 
not possible the particles have such freedom of movement that approx- 
imate parallelism of the particles may l)e reached, but this requires 
a very considerable amount of shortening of the rock mass. Also in 
the deep-seated zone where rock deformation is brought about main^^ 
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I>_v recrystallizatioii, conwidcniMr f i-ecdoni of movement may be allowed 
certain partioleM by the proces.s of recrystallizatioii affecting the parti- 
cles of the i-ock unevenly. In an ideal case where the particles have 
no interference the degi'oe of imnillclism reached by a certain amount 
of rotation may be indicated in figs. 20 and 21, taken from Harker. If 
a circle with a definite number of radii representing the greater diam- 
eters of original particles l)e cornpres.sed into an ellipsoid with its 
shorter diameter one-fourth the length of the diameter of the circle, 
the radii making an angle of less than, say, 10°, with the plane of 
greatest elongation will be twelve times the number within the same 
angle in the undistorted form. 

The shape of the minerals also is likely to have some effect on the 
freedom of movement. One would suppose that in a complex of long 
narrow crystals there would be more interference in rotation than in 
a complex of short, stumpy 
crystals. If this is the case 
the crystal best adapted to a 
parallel arrangement under 
differential pressure — that ia^ 
one with great differences in 
dimensions — is not adapted 
for rotation into such par- 
allel arrangement. Suppose, 
for instance, tliat the long, 
slender hornhlendecrystals in 
a rock had random arrange- 
ment, and the attempt were 
made to rotate them toward 
a common plane or line. It 
may be clearly seen that long 
before approximate parallel- 
reached the crystals will mutually interfere, and then 
; of unequal transverse support they are likely to be broken in 
their further movement. This fact of necessary interference is dwelt 
upon here because later it will tie shown that many long, slender 
crystals which now lie parallel in schists could not have been rotated 
to this position because they do not show such interference effects. 
WTiere the slender crystals aie few, or are so arranged that they will 
not interfere, rotation may be effective in bringing about their paral- 
lelism, as has been shown during this investigation. 

The size of the particles may also have an effect on the degree of 
parallelism reached by rotation. With a given amount of deforma- 
tion under certain conditions the smaller the particles affected the more 
will they be rotated. Figs. 22, 23, 24, and 25 illustrate this. 
If a particle with the diameter X Y is rolled between two plates P P', 




FiQS. 20 and 21,— Diagrams showing the rotation a 
panylng a given amount i>! shortening. After R 
Kept, Wlh Meeting Brtt, Aasoo, Adv, Sci„ 1885, p. 
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until the one plate is past the other to a distance S S', the diameter 
X Y, which was originally normal to the plates, as shown in tig. 22, will 
have the position shown in fig. 23. Now roll a particle of smaller size 
with the diameter X' Y' (tig. 24) between two plates until the upper plate 
is past the lower plate the same amount as in fig. 23. In this case the 
diameter X' Y' of the smaller particle will rottite to a much greater 
angle with its original position than did the diameter of the larger 
particle. If the circumference of the first particle is 2 inches and 
that of the second 1 inch, a movement of one-fourth of an inch 




• Fig. 22. Vig. 23. 

Figs. 22 and 23.— Diagrams showing angle of rotation of large particle under differential movement 

amounting to SS'. 

will revolve the axis of the large particle 45^. A similar movement 
will revolve the axis of the smaller particle 90°. Therefore the amount 
of revolution which a particle undergoes in a given amount of move- 
ment is inversely as its circumference. This has been shown experi- 
mentally in clay mixed with particles of mica. With a given amount 
of movement it has been shown that the finer the particles of mica so 
mixed the more nearly parallel they are. Granulation produces 
smaller particles and hence may aid rotation in bringing particles into 
parallelism. 

It is thus seen that rotation is likely to be effective so far as there 
is freedom of movement, so far as the particles are equidimensional, 



Fig. 24. Fig. 25. 

Figs. 24 and 25. — Diagrams showing angle of rotation of small particle under differential movement 

amounting to SS'. 

and so far as they are small. It will be shown (pp. 109-118) that 
rotatory stresses are alwa^^s present in the strains commonly occurring 
in rocks, and that all particles, whatever be their origin, so far as they 
are not already in the best possible attitude toward pressure, or normal 
to this position, are likely to feel the effects of these strains. 

For rotation the obvious criteria are as follows: 

(1) The presence of strain effects, which are certainly more charac- 
teristic of rotation than of recrystallization. One of the most charac- 
teristic of these is angular outlines, indicating that the shape is due to 
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• 

granulation. Where the particles are angular and clearly due to the 
granulation of larger particles it is certain that any parallelism of 
their longer diameters that is observed in the rocks with secondary 
cleavage is due to rotation, as no other process is possible in such a 
case. In such rocks the granulation of larger particles can be observed 
in all its stages, and accompanying the granulation may be seen all 
stages of rotation of the fractured particles. These granulated parti- 
cles are not markedly unequidimensional, and hence there is usually 
little interference. The occurrence of angular particles apparently 
due to granulation is one of the best criteria observed for determining 
that rotation has occurred. The lack of angular character, however, 
is not evidence that rotation has not occurred. 

(2) The absence of positive evidence of recrystallization. The 
reverse condition, the presence of evidence of recrystallization, does 
not show that rotation has not occurred. 

GLIDING. 

Certain crystals may change their form under pressure by differ- 
ential movements along ^' glide" planes without open fractures.* The 
glide planes frequently follow the mineral cleavage. After the move- 
ment the glide planes may be planes of secondary twinning. Movements 
with minute fracturing along twinning or cleavage planes of minerals 
have also been called gliding by some writers. They are considered in 
this paper under ' ' slicing. " Gliding is accompanied by a minute change 
of form. For only a few minerals has this change of form been 
shown to have any considerable value. The best gliding observed is 
found in calcite, and the process will be described in connection with 
that mineral (pp. 88-90). 

The principal and almost the only criterion for the detection of gliding 
is the presence of repeated twinning and slip planes, sometimes giving a 
reedy or fibrous structure. Both granulation and recrystallization 
destroy these gliding planes, and if abundant evidence of either of 
these processes is present, they may hide the evidence of gliding.* 
For this reason the part gliding has played in flattening and elongating 
mineral particles can not be determined certainly from a study of 
the metaclasic rocks themselves. Its relative importance may be 
argued only from the presence of evidence of crystallization adequate 
alone to explain the observed facts. Experiments by Professor 
Adams still in progress are likely to show to what extent gliding niay 
be effective. 

a Adams, F. D., Experimental investigation into the flow of marble: Philos. Trans. Royal Soc. 
London, ser. A, vol. 195, 1901, pi. 24, fig. 4. Mugge, O., Ueber die Plasticitat der Biskrystalle: Neues 
Jahrbuch fiir Mineral., etc., vol. 2, 1895, pp. 212-228. 
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GRANULATION. 

Thin process probabl}^ is most effective in its assistance to rotation 
and recrystallization (p. 7^)), but even where recrystallization or rota- 
tion is practically absent, it may still produce a very imperfect parallel 
structure. 

Granulation may leave residual flattened particles. When a rock is 
put under pressure and fracturing occurs, the fractures are usually 
highly inclined to the greatest pressure, as shown on p. 112. Prob- 
ably where the material is not confined on the sides, the fractures for 
the most part have positions inclined less than 45^ to the greatest 
pressure. However, where the material is not idealh" brittle or is con- 
fined on all sides it has sometimes been observed that the fractures tend 
to take positions at angles greater than 45^ to the greatest pressure, 
carving the grains into flattened cones or lenticular forms, with 
diamond-shaped cross sections. It may be that the flatness of the 
residual grains is in part really due to the minor recrystallization or 
gliding of the particles and not to the direction of fracture. Such 
flattened particles, when formed by fracture without the aid of the 
processes above outlined, will have their greater dimensions parallel, 
and so this process must be mentioned as one of the possible ones in 
the production of parallel structures. It is simply one of the results 
of granulation. 

A better parallel arrangement is developed where the granulation 
occurs mainly along one set of shearing planes rather than along two 
intersecting sets, taking off slices or minute granules from the side 
of the original particles and leaving the remnant of the particles as 
thin, ribbon-like fragments with parallel arrangement.^ 

While granulation usually fractures particles in such a way that the 
resulting smaller particles have no great differences in dimensions, it 
has been observed that the material broken from the particles is some- 
times in slices whose long dimensions follow the directions of fracture 
(figs. 15, 16, and 17). The length of such slices is not infrequently 5 
or 6 times the thickness, although a ratio of 3:1 is more common. At 
the time and place of breaking these particles may be arranged with 
their longer diameters at angles 45^ or less to the general plane of 
rock cleavage. The special kind of granulation that results in parallel 
slices is for convenience of discussion called " slicing" in this report. 

The phenomenon of slicing may be particularly well seen in a 
mineral which itself has a good cleavage to control the direction of 
slicing. In hornblende, for instance, slicing with little or no rotation 
has been observed to divide a large particle into a number of thin 
ones lying with their greater diameters at a low angle to the plane of 



a See discussion of Adams's anorthosite, p. 37. 
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schistosity (tig. 7, p. 30). Whore slicing follows the mineral cleavage, 
stages of its gradation into gliding are to be observed. 

Assintance of granulation to rccrydallhation, — Granulation forms 
small particles and brings about a state of strain in particles, both of 
which are favorable to recrystallization. With a given mass the finer 
the subdivision the greater the surface. The finer the subdivision, 
therefore, the greater the reaction, ceteris paribus, between mineral 
and solvent. Also, the deformation leading up to granulation induces 
a state of strain in a mineral in which energy is potential ized. Minerals 
thus strained are attacked much more readily by solvents than minerals 
not so strained. A further and important assistance is rendered b}^ 
the development of heat due to the mechanical crushing. 

Assistance of granvlation to rotation, — Granulation aids rotation in 
two ways. It produces smaller particles and allows greater freedom 
of movement. So far as slicing occurs, the greater dimensions of the 
slices just after granulation may lie at angles not larger than 45° to 
the plane of rock cleavage, from which position a comparatively 
slight amount of rotation will carry their longer diameters into the 
plane of rock cleavage. Evidence of such rotation frequently accom- 
panies slicing. In many observed instances the fractures are at even 
smaller angles to the plane of cleavage, and a small amount of rotation 
has induced a close approach to parallelism. 

THE COMBINED EFFECT OF llEGRYSTALLIZATION AND GRANULATION ON 

SIZE OF GRAIN. 

As a matter of observation recrystallization tends to increase the 
size of the particles in a rock mass undergoing rock flowage; but to 
varying extents in particles of different mineral species. The increase 
in size comes from the fact that small particles present greater surface 
per unit volume for the action of solvents than larger particles, and 
the material of the smaller particles goes into solution and is ulti- 
mately added to the larger particles because of the "surface tension 
which exists on the boundary surfaces between solids and liquids, as 
on those between liquids and gases — the so-called free surfaces of 
liquids. This tension acts so that the surfaces in question are reduced 
in size, with the consequent enlargement of individual crystals (the 
total amount of precipitate remaining practically unaltered), i. e., with 
the coarsening of the grains."^ Granulation tends to subdivide the 
particles of a rock mass undergoing rock flowage, but to varying 
extents with different minerals. Other things being equal, the larger 
particles of the rock are likely to feel more of the differential pres- 
sure, and to be granulated to a greater extent than the smaller ones. 
Whether acting separately or together, recrystallization and granula- 

aOstwald, W., The Scientific Foundations of Analytical Chemistry, Macmillan & Co., London, 
1896, p. 22. 
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tion tend to cause a uniformity in the size of particles of the same 
mineral species in a rock, a fact of direct observation in cleavable 
rocks. But in a given rock the uniform size of the particles of one 
mineral species thus produced is not the same as that of another min- 
eral species. 

This difference in size of grain in different mineral species results 
not only from difference in mineral habit, but from the fact that 
recrystallization and granulation affect different minerals to different 
degrees. In some minerals, under given conditions, recrystallization 
or granulation occurs, one almost to the exclusion of the other, and 
in other mineral particles both processes occur. The size of grain 
depends upon the balance obtained between the two; in other words, 
it is the net result of a contest between the constructive process of 
recrystallization, tending to produce larger grains at the expense of 
smaller ones, and the destructive process of granulation tending to 
break down the larger particles. The recrystallization of micas and 
hornblende, without granulation, produces a characteristic uniformity 
of grain for each of these minerals. Granulation of quartz and feld- 
spar particles, without recrystallization, produces a characteristic uni- 
formity of size of grain for each. Granulation and recrystallization, 
acting together on quartz and feldspar, tend to cause uniformity of 
size of grain in each. As would be expected, the mineral particles 
showing evidence of recrystallization alone, such as mica and horn- 
blende, are larger than the ones in which the process of granulation 
or of granulation and recrystallization combined have been effective, 
such as quartz and feldspar. 

It should be remembered that rocks with secondary cleavage are 
composed very largely of mica, hornblende, quartz, and feldspar, and 
for the most part of two or three of these minerals, and hence there 
are usually, as shown by observation and measurement, but two or 
three characteristic sizes of grains, giving, in connection with parallel 
arrangement, a striking impression of uniformity of grain, in marked 
contrast to the grain observed in man}' of the rocks before rock flow- 
age has developed a cleavage in them. 

After rock flowage has ceased it not infrequently happens that 
recrystallization continues or again begins, and then the tendency of 
large grains to develop at the expense of small ones is not opposed by 
the tendency of granulation to break down the larger particles as they 
form. To this condition may be ascribed the porphyritic crystals 
frequently seen in cleavable rocks which have developed apparently 
without regard to the prevailing cleavage in the rock, and show 
included in them other constituents of the rock with a dimensional 
arrangement parallel to the plane of rock cleavage (Pis. Ill and XIII). 
The principal cleavage-giving minerals — mica, hornblende, quartz, and 
feldspar — may be sometimes observed to develop under these con- 
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ditions. The minerals characteristic of cleavable rocks, but not having 
any great effect on rock cleavage — such as garnet, tourmaline, chlori- 
toid, andalusite, chiastolite, staurolite, etc. — are known to develop 
commonly under such conditions and only rarely during rock flowage. 

SECTION II. RELATIVE IMPORTANCE OF PROCESSES OF 
ARRANGEMENT IN INDIVIDUAL MINERALS. 

MICA. 

The origin and parallel arrangement of mica plates in the micaceous 
schists, slates, and phyllites are believed for the most part to be the 
result of crystallization or recrystallization, for the following reasons: 

Micaceous schists are rocks which are known in many cases to have 
been in the zone of rock flowage, under conditions of high pressure and 
heat, and with a considerable water content; all of these are conditions 
favorable to the development of mica b}'^ cr^^stallization or recrystal- 
lization. Mica certainly is not a characteristic mineral of the belt of 
weathering. 

The micaceous schists and phyllites are very common products of the 
alteration of water-bearing feldspathic sandstones or gray wackes and 
shales or muds, originally containing little mica, and they are also the 
result of the metamorphism of various igneous rocks with or without 
mica as an original constituent. 

The occurrence of mica in large flakes in schists derived from rocks 
originally containing small flakes or none at all is the most decisive 
evidence that can be offered of its development by recrystallization. 

In certain cleavable rocks derived from sediments the mica plates 
can be seen to stand at right angles to the original bedding, and this 
original bedding may not show deformation sufficient to warrant the 
assumption that the micas now found at right angles to the bedding 
were originally parallel to the bedding and owe their present positions 
to rotation. They could not have been originally deposited 4n this 
position; they could not have been rotated; the alternative explanation 
is crystallization in situ.^ (PL XIV, A.) 

The common association of the micas in cleavable rocks with sec- 
ondary minerals, such as garnet, staurolite, etc., well known to be 
secondary developments by new crystallization, is presumptive evi- 
dence that the micas themselves may have resulted from secondary 
crystallization. 

When the original nature of the rock is in doubt, certain features 
to be observed in the micas of metaclasic rocks with secondary cleavage 
are evidences of recrystallization. Petrographers sometimes discrimi- 
nate secondary mica from original mica by criteria of color, shape, or 
distribution. The micas commonl}^ lack strain effects such as would be 

aSp. 14745, si. 9380, Little Falls, Minn. 
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expected in minerals of their shape if original and rotated to their 
present position. They have more uniformity in size and in general 
a larger size than mica particles in noncleavable rocks. Their manner 
of feathering out against each other precludes the idea of their rota- 
tion as original minerals to this position. 

The micas may be found in layers, these layers alternating with 
quartz layers which have certainl}^ been recrystallized. The associa- 
tion of the quartz and biotite and the nature of the contact of the two 
minerals are good evidences of their new crystallization (PL IX, B). 

Sericite is a common development in the peripheral gi*anulation of 
quartz and feldspar, assuming a characteristic parallel position (fig. 
26). That the parallel position of the sericite is due to crystallization 
in situ is scarcely open to doubt. 

Rotation of original grains and the retention of the arrangement 
of favorably orientated original micas probably enter also to a very 
limited extent into an explanation of the present arrangement of the 
micas. In a rock with secondary cleavage developed from a rock 
originally containing mica it is probable that 
some of the flakes now present were originally 
present, and have either retained their origi- \^{^ .-..^^"^^S^^* 
nal positions or have been rotated. The micas 
lying with their cleavage plates at a low angle to fig.26.— The secondary de- 
the plane of rock cleavage would be the most veiopment of parallel sen- 

., . . . cite by crystallization in 

likely to be rotated to this plane. Occasionally cracks formed by fracture. 
there may be observed the actual bending of iamiwT ^"^^^■®^^^** 
mica plates in a common direction, showing the 

direction of rotation. In the false cleavage described on pp. 25-26 the 
parallel mica plates may be seen in various stages of subsequent rota- 
tion along certain zones. 

Two other processes may have a slight effect in arranging the micas, 
gliding and slicing — that is, the differential movement between cleav- 
age laminae without actual fracture and similar differential movement 
with fracture. It is doubtful whether mica shows to any extent true 
gliding in the cleavable rocks, but it is certain that many mica plates 
owe their arrangement to the slicing of larger mica plates along cleav- 
age planes and the strewing out of the slices along parallel planes. 
This differential movement or slipping of the mica plates has been 
frequently observed and described. It is to be noted, however, that 
this process is not likely to be effective unless the cleavage of the 
original mica particles is at low angles to the plane of rock cleavage. 

The micas which sometimes appear with their dimensional axes 
parallel to the prevalent cleavage of the rock, but with their mineral 
cleavage inclined to this plane (figs. 3, 4), may owe their unusual posi- 
tion to granulation or slicing which has not been controlled by the 
mica cleavage, much as the pyroxenes in the mashed anorthosite, 
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described by Adams,^ are strewn out by granulation in bands with the 
pyroxene cleavage at any angle to the rock cleavage. But there is 
good evidence that associated quartz in bands is itself recrystallized, 
and it seems probable therefore that recrystallization has affected the 
mica also. 

As we are concerned mainly with parallel structures, it is scarcely 
necessary to discuss the origin of the random mica particles developed 
with their own cleavage and longer diameters inclined to the prevalent 
cleavage of the rock mass (PI. III). It is easy to prove that such 
minerals are for the most part porphyritic developments after the rock 
flowage developing the prevalent cleavage had ceased; the proof is on 
the same kind of evidence used to prove the later development of gar- 
nets, tourmaline, chloritoid, and ojther minerals of that class. 

HORNBLENDE. 

It is clear that newly crystallized or recrystallized hornblende parti- 
cles, which are observed in schists, very greatly preponderate over 
original particles, and hence that the arrangement is due largely to 
recrystallization, for the following reasons: 

Hornblendic schists are characteristic developments from rocks 
which have been in the zone of rock flowage under such conditions of 
gr^at pressure and temperature as to afford favorable conditions for 
recrystallization . 

In many cases the hornblendic schists have resulted from the meta- 
morphism of greenstones or basic igneous and sedimentary rpcks in 
which the hornblende as an original constituent was either wanting or 
in subordinate quantity. Numberless gradations from such original 
rocks to typical hornblendic schists have been noted in many regions 
by many observers. 

Where original and recrystallized hornblende occur together in a 
slide, the new hornblende may sometimes be discriminated by its 
lighter color or its occurrence as enlargement borders of the original 
hornblende. 

Uniformity of size is characteristic of hornblende particles in cleav- 
rible rocks, and this has been shown to be an evidence of recrystal- 
lization. 

Hornblende particles observed in rocks with secondary cleavage have 
a greater length relative to breadth or thickness than the hornblendes 
observed in original igneous rocks, as shown by the measurements 
given on page 31. In the few specimens measured the average length 
also was found to be somewhat greater than that of original hornblendes; 
but many more measurements would be necessary to warrant a posi- 
tive generalization on this point. The additional relative or absolute 

a Loc. cit. 



LEiTH.] PROCESSES ARRANGING HORNBLENDE. 81 

length is reached without fracturing, and recrystallization is the only 
process to which it can be attributed. 

Hornblende may frequently be seen to have developed through altem- 
tion of feldspar and other material. In the mashed rhyolite-gneiss 
from Berlin, Wis., it is developed in the tails of the granulated feld- 
spars and does not itself show granulation. In these tails it is parallel 
to similar hornblende occurring in the groundmass. 

White hornblende crystals in cleavable rocks are frequentl}'^ consid- 
ably broken and have many irregularities in arrangement, in general 
they show a degree of parallelism in their different parts and to the 
plane of rock cleavage and freedom from strain effects which can not 
be expected in hornblende crystals owing their parallel arrangement 
to rotation alone. The natural inference is that both the arrange- 
ment and origin of the particles must be due to recrystallization. In 
a hypothetical case, if a rock in which are numerous slender horn- 
blende crystals with random arrangement be deformed by rock flowage, 
the hornblende crystals interfere, and, because of unequal transvei"se 
support, break or bend at numerous places in order to accommodate 
themselves to the new conditions. They may become only imperfectly 
arranged parallel to a plane or line. This interference of the parti- 
cles in a mass undergoing strain can be shown to be a mathematical 
necessity. In the rocks with secondary cleavage bending and break- 
ing, due to interference, are subordinate phenomena, and hence it is 
concluded that crystallization has been important. 

From the facts above cited it is concluded that recrystallization of 
hornblende under pressure has produced the greater part of the horn- 
blende making up the hornblendic schists; hence that recrystallization 
is mainly responsible for the parallel arrangement, although doubt- 
less it has been assisted somewhat by rotation. 

So far as parallel hornblendes now present in rocks with secondary 
cleavage are original constituents (for the above reasons they are 
believed to be subordinate in quantity) it must be supposed that they 
were either in their present position before deformation commenced, 
or were in a favorable position for rotation to their present position, 
or are the result of slicing of larger original hornblendes. 

Slicing has certainly been instrumental in bringing about the arrange- 
ment of many of the hornblendes in hornblendic schists developed from 
original hornblendic rocks. ^ In a number of rocks have been observed 
all stages in the process of slicing which has followed the direction of 
the cleavage of the hornblende (fig. 7). Slices when first formed are 
likely to be at almost any angle except 90^ to the plane of rock cleavage, 
but it is clear that the majority of them were already at angles less 
than 45° to the plane of rock cleavage before any rotation occurred. 

a sp. 40fi85. fil. 15360; sp. 40690, si. 16363, Mesabi district, Minn, 
Bull. 239—05 6 
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In slides of hornblende -schists there are freqeiitly to be observed 
random hornblende crystals which lie with their columnar develop- 
ment at high angles to the plane of rock cleavage. These may be 
original or secondary developments with exceptional arrangement due 
to local variation in stresses; they may be original crystals which have 
not been rotated during rock flowage, or they may be secondary 
developments after deformation has ceased. 

QUARTZ. 

The quartz particles described under (1) page 31, as having modified 
crystal outlines and rounded subangular shapes show no direct evidence 
of granulation or recrystallization or gliding, and in the absence of 
such evidence, no opinion is oflfered as to the cause of their paitiUel 
arrangement, so far as they have any. 

The quartz particles described under (2) pages 31-33, are clearly, both 
in shape and in arrangement, the result of granulation and slicing, with 
or without subsequent rotation. Evidence of this has already been 
presented and will not be repeated. 

The quartzes in elongated lenses and spindle-shaped grains described 
under (3) pages 33-35, may in part develop by granulation or slicing 
in the manner described under (2) pages 31-33, but most of them, 
and especially those with more or less even and rounded outlines lack- 
ing strain effects, are believed to owe their origin and arrangement, 
or at least their final configuration, mainly to recrystallization, for the 
following reasons: 

(1) Many rocks with secondary cleavage containing quartz in this 
form are known to have contained considerable moisture and to have 
been in the zone of rock flowage under conditions of severe meta- 
morphism favorable to recrystallization. The alteration of muds and 
sands under such conditions has f requentl}^ yielded such forms. 

(2) Where the quartz in this form is associated with secondary horn- 
blende or mica in cleavable rocks, as it commonly is, and arranged with 
its longer diameters parallel to the longer diameters of these minerals, 
which are characteristic secondary minerals resulting from recrystal- 
lization, the presumption is that recrystallizing forces have also 
affected the quartz. Other common associates of quartz in this form 
are garnet, staurolite, tourmaline, ottrelite, etc., which are known to 
be new developments. The manner of association of quartz and mica 
is also in some cases evidence of recrystallization. The parallel mica 
plates may be observed to occur strictly parallel to the periphery of 
flattened quartz individuals, and the ends of the mica plates not infre- 
quently project into clear, limpid quartz which has evidently grown 
around the mica. (PL IX, A^ B,) 

(3) In the metaclasic rocks, which have evidently undergone much 
deformation, the elongated and spindle-shaped quartz forms described 
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under this head are commonly larger than the quartz grains in unde- 
formed rocks in the same rock mass. Rocks become deformed and 
cleavable in parts, and such parts may be coarser grained than the 
remainder of the formation. If an increasing size of grain in a for- 
mation is found to correspond with the greater metamorphism occur- 
ring at any place, it may be inferred that some constructive process 
has occurred to increase the size of the grains. Recrystallization is 
the only constructive process known. 

In the Black Hills of South Dakota is a great series of rocks with 
secondary cleavage which have resulted from the metamorphism of 
fine-grained banded sediments. The size of the grain in these rocks 
varies with the amount of metamorphism, and in general not with the 
original character of the graywacke and slate, although in earlier 
stages the size of the recrystallized grains corresponds roughly with 
that of the original grains; it is possible to select a graded series of 
rocks resulting from the metamorphism of a gra} wacke slate in which 
the grain increases as the cleavage and metamorphism are more 
advanced. This is but one of many illustrations that might be cited. 

(4) As important as the size of the grain is the evenness of grain in 
determining vecrystallization. While different degrees of metamor- 
phism are likelj^ to be associated with different sizes of grain, rocks 
showing the extremes of metamorphism, the best cleavage, and abun- 
dant evidence of recrystallization have a curious uniformity of grain 
in particles of the same mineral species. There are no phenocrysts 
nor matrices. Quartz in the elongated lenses is seen to share in this 
uniformity of grain, affording confirmatory evidence that its develop- 
ment in such cases is by recrystallization. 

(5) In a rock with secondary cleavage quartz particles are frequently 
seen to lie in narrow layers of rather uniform thickness composed of 
numerous narrow individuals lying side by side, as shown in fig. 4 
and Pis. VII-X. The individuals are freciuently joined by narrow 
zones of diffuse extinction, due to the inclination of the contact plane. 
The layers for a considerable distance, while extinguishing in various 
parts, are still continuous crystalline masses of quartz without mechan- 
ical breaks and without other strain effects commensurate with the 
deformation they must liave undergone. It is believed that these 
features can be explained best by recrystallization. It is perfectly clear 
that the long band as it now stands could not have been rotated to its 
present position as a whole. It is possible, and indeed probable, that 
some of the individual parts repnvsent small (juartzc^s or fracture 
pieces of quartz which have been rotated into approximate pamllelism 
or c*arved in situ })v granulation or slicing. However, the contii>uity 
and evenness of banding can not b(» explained in any such way. Gran- 
ulation or slicing could scarcely yield such close fitting partj«, and 
these processes would furthermore result in the development 
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minute granules strewn out in the plane of rock cleavage. Even 
if granulation and slicing could yield elongated individuals so pecu- 
liarly fitted together, tho}^ would be likely to taper off at the ends 
and give way to finely granulated material, as in the case of the gran- 
ulated feldspar figured on p. 87, which shows the best parallel arrange- 
ment due entirely to granulation which has been observed in this 
investigation. The absence of associated granulated material with 
the quartz bands is evidence that either granulation has never occurred 
or if it has occurred that recrystallization has coalesced the separate 
granules; and if this has happened, it is reasonable to assume that 
recrystallization has also affected the original residual particles. 

The narrow quartz bands frequently resemble veins at first glance. 
If they were veins they would still be the result of crystallization. 
But close examination shows points in which they differ from veins. 
The individual quartzes in a vein do not have. great elongation in the 
direction of rock cleavage; they form a mosaic. If a vein, there ought 
to be found discoloration of some sort due to weathering along the 
walls of the vein; this is uniformly absent, and even if present, it 
might still be explained as material pushed aside during the recrys- 
tallization of the quartz. No common conditions are known in which 
numerous veins would develop in this way parallel to the plane of 
rock cleavage for long distances without breaking across it at places, 
although this might happen exceptionally in planes of cleavage along 
which minute jointing had occurred. Neither do veins show the 
evenness and parallelism shown by these bands. Lastly, the material 
of these bands in many cases is the only other material present in the 
rock besides the micas or feldspars. If the quartzes represent veins, 
we must suppose the rock before the vein action commenced to have 
been entirely composed of parallel mica plates or layers of feldspar, 
which is not probable. 

(6) In the case of the quartz-porphyry of the Thiiringer Wald, so 
frequently referred to, the shape of the quartzes is again indicative of 
recrystallization. The long curving tails on these quartzes, which 
show undulatory extinction and minor fracturing, but still retain 
their essential unity, could scarcely have resulted from any other 
process. 

(7) Where the quartzes are seen to have cores of older quartz sur- 
rounded b}'^ rims of new quartz, usually divided by a ring of ferrite 
or other inclusions, there is conclusive proof of the partial recrystal- 
lization or growth of the quartz. The old and the new quartz are in 
crystallographic continuity. The new quartz, while in optical con- 
tinuity with the original quartz, is usually added only along directions 
of easiest relief. 

Quartz is sometimes seen completel}^ inclosing other minerals which 
are original. While this might supposedly happen before the final 
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soliditication of the rock from a magma, in rocks with secondary cleav- 
age it probabl}" commonly indicates recr3'Stallization of the qnartz 
subsequent to the original soliditication of the rock. 

(8) If in a rock which had been clearly subjected to great pressure, 
as evidenced by the breaking of the feldspars and of some of the 
quartzes, some of the quartzes are comparatively free from strain 
effects or fractures, it can be supposed that the quartzes have 
readjusted themselves to the prevailing conditions by crystallization 
or recrystallization, thus obliterating their strain effects. Of course, 
strain effects ma}^ still be present and recrystallization have occurred. 
Indeed, in most cases recrystallization is believed to lag behind 
deformation to such an extent that some strain effects are visible. 
The statement should perhaps be that if the quartz shows any less 
fracturing or strain shadows than other minerals of the rock, this is 
evidence of the recrystallization of the quartz. 

A characteristic stmin effect in quartz is the inclusions so frequentlj^ 
observed. These are commonly in planes which in slides appear like 
lines. They consist largely of cavities containing gas and water and 
minute mineral particles. Observation shows these planes of inclu- 
sions to be closely associated with other pressure effects, such as 
undulatory extinction and fracturing. There is frequently complete 
gradation from tenuous and ill-defined planes of inclusion to well- 
marked planes and fractures.^ 

Further, these inclusions may be in planes intersecting one another 
at high angles, frequentl3^at an inclination of 45° to the plane of greatest 
diameters of the quartz or to the plane of rock cleavage. According 
to principles given, pp. 121-124, they may be phenomena of fi'acture 
in shearing planes. In a quartz in which there has been no strain it 
is believed that these planes of inclusions are less numerous and have 
less regularity of arrangement; but this is hard to prove, as it is so 
extremely difficult to find a rock containing quartz which can be 
proved not to have undergone strain. 

When tested b}' the above criteria the shape and arrangement of the 
elongated quartz bands or elongated spindle-shaped quartz masses (3), 
seem probably to have resulted mainly from recrystallization. Yet 
there may have been also subordinate gliding, granulation, and rota- 
tion, for recrystallization obliterates evidences of these processes. 

When the quartz grains are nearly equidimensional, or the grain 
is finer, the above criteria are less effective. Many quartz crystals 
which are nearly round and show no evidence of recrystallization 
by any of the above criteria, have undoubtedly been recrystallized. 
Where the grain is exceedingly fine it is impossible to apply these 
criteria, and one is unable to tell bj^ direct observation what processes 

a See figs. 3 and 4 of Van Rise's paper on thepre-Cambrian Rocks of the Black Hills: Bull. Geol. Soc. 
America, vol. 1, 1890, pp. 216, 217. 
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or what combination of procossos havo been effoctive in producing the 
tine-grained gromuhnass of njany cleava))h^ rocks. 

Quart/ crystals have l)een made to glide under pressure experimen- 
tally, but it is certjiin that little or no evidence of such gliding is now 
to l)e observed in the quartz of the cleavable rocks. If gliding has 
occurred, evidence of it has been obliterated by rec ry stall ization and 
granulation. The only strains in quartzes now to be observed that are 
of the same order as those of gliding are those of undulatory extinc- 
tion, and the compai'ative absence of this phenomenon, as seen above, 
is regarded as evidence that recr3\stallization has occurred. 

In general the quartz particles showing evidence of recry stall ization 
in cleavable rocks are not so numerous as those lacking such evidence, 
but if this statement is confined to (juartz particles showing parallel 
arrangement, the evidence of recrystall ization preponderates over 
that of any other processes causing such a parallel arrangement. 
Recrystall ized quartz particles are certainly less abundant than recrys- 
tallized mica or hornblende, and probably more abundant than recrys- 
tallized feldspar. Evidence of granulation and rotation is more abund- 
ant in quartz particles than in mica or in hornblende particles, and 
probably less abundant than in feldspar particles, but these processes 
have yielded but a poor arrangement. So far as recrystallization 
works upon granulated and rotated particles it tends to obliterate 
evidence of granulation and rotation, and hence the 'evidence now 
observable may not in all cases measure the extent to which granulation 
and rotation has actually occurred. 

FELDSPAR. 

In the presentation of the facts of arrangement of the feldspars the 
feldspar particles were classified according to shape. 

The feldspars occurring with more or less modified crystal outlines 
and random arrangement described under (1) on page 35 may be either 
original or recrystall ized. From their shape they could not have been 
granulated. The crystals described under (la), which have random 
arrangement and around which the other constituents of the rock bend, 
are original as compared with other constituents, for they have evi- 
dently acted as rigid units during the deformation of the rock, the other 
constituents being crowded about them and thus frequently showing 
strain eflfects. If recrystall ized, they would be likely to have a parallel 
arrangement or to include the other constituents, as in the case described 
below. 

The crystals with random arrangement described under (la) as not 
crowding the other constituents of the rock but containing them in 
lines parallel to the plane of rock cleavage must be recrystallized, for the 
minerals contained are quartz and mica in parallel bands which them- 
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selves can be proved to be recrystallized. The development of the 
feldspars must have been subsequent to the recrystallization of the 
quartz and mica. If original in their present form and arrangement 
the crowding must inevitably have occurred during the development 
of the parallel arrangement in the other constituents of the rock. 
Furthermore, they lack strain effects which they must have shown if 
they were there during the deformation of the rock. Their large size 
as compared with that of other constituents results from the fact that 
their development by recrystallization occurred after the rock deforma- 
tion ceased, when granulation no longer breaks down the grains as fast 
as recrystallization builds them up. 

Crystals with more or less modified crystal form occurring in dimen- 
sionp.1 parallelism to the plane of rock cleavage (1 b, pp. 35-37) owe 
their shape and probably their parallel arrangement to recrystallization. 
That recrj^stallization is responsible for their development is proved 
by the evidence cited above, that is, the presence of recrystallized 
quartz and mica through the feldspars without change of direction and 
further by the lack of strain effects commensurate with the deforma- 
tion which the rock has evidently undergone. In some cases, also^ 
such crystals have been observed to be the alteration products, with 
mica and garnet, of a larger feldspar crystal. The association with 
other recrystallized minerals such as hornblende, is further presump- 
tive evidence of recrystallization. Rarely the feldspar crystals under 
this head have received their arrangement through slicing along feld- 
spar cleavage planes and rot>ation.* 

The angular particles described under (2) on pages 37-39 might be 
either in original form, granulated, or recrystallized, but their shape is 
probably in most cases, if not in all, either original (i. e., the same as in 
the undeformed rock from which the cleavable rock is derived) or due 
to granulation. If recrystallization has affected them it has left them 
with a shape quite different from that characteristic of recrystallized 
particles described above and below. All stages of granulation from 
the original mineral to the finely granulated particles may actually be 
seen in many slides. Where such gradations are absent the angular 
form is itself presumptive evidence that the form is due either to 
granulation or original character. Evidence of the rotation of such 
granulated particles toward the common plane of cleavage is almost 
uniformly present. In certain cases, as in the anorthosite described 
by Adams (pp. 37-38 and figs. 13 and 14) the elongated forms are clearly 
the result of granulation or slicing along the peripheries, leaving 
residual parallel grains. In many other cases the evidence for recrys- 
tallization or granulation is not decisive. 

The lenticular and ribbon forms of feldspar described under (3) on 
page 39 are in part, both in shape and arrangement, the result of 

aSp. 6021 W., Wausau, Wis. ftSp. 6021 W. in part, Wausau, Wis. 
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recrystallization. The criteria for determining this are identical with 
those used in determining the origin and processes of arrangement of 
similar bands of quartz (pp. 82-8()). 

In general the feldspars, which clearly owe their shape and parallel 
arrangement to recrystallization, are relatively rare as compared with 
particles lacking such evidence and probably arranged largely by rota- 
tion and granulation or as compared with still more abundant parti- 
cles lacking the parallel arrangement. Feldspars without parallel 
arrangement, but showing evidence of recrystallization, are often 
observed. Cores and enlargements and new growths along cracks are 
not uncommon phenomena, but such recrj'^stallization has not yielded 
a parallel structure and thus does not properl}^ come within the limits 
of this discussion. Many feldspars show evidence that some combina- 
tion of these processes of arrangement has been eflfective, but usually 
the one or the other is preponderant. 

Gliding is not observed to be important. While secondary twinning 
as an initial stage in granulation is a common phenomenon, in no case 
has this twinning been observed to have caused an}^ appreciable flatten- 
ing of the mineral. Where any such possible flattening is present with 
the twinning, evidence of granulation, rotation, or recrystallization is 
commonly more conspicuous. 

In an exceedingly fine-drained groundmass it is practically impossible 
to determine, from any phenomena shown by the particles themselves, 
what processes have been effective, though it msLy be possible to deter- 
mine their probable origin by ascertaining the dominant processes 
which have affected the coarser constituents of the rock." 

CALCITE. 

In explaining the parallel arrangement of calcite grains several 
processes may be considered, the common ones — recrystallization, 
granulation, and rotation — and gliding. Any or all of these processes 
may be effective in given cases, and it is extremely difficult to deter- 
mine criteria by which to separate them. Granulation and accompany- 
ing rotation are mainly responsible for the shape and arrangement 
of the angular fragments described on page 41. This is evidenced 
mainly by the shape of the fragments and their gi-adation to unbroken 
crystals. The process determining the shape and arrangement of 
the small ellipsoidal particles (described on p. 41) is not so clear, 
but it is thought to be mainly recrystallization, because of the 
general evenness of texture of the grains, their ellipsoidal outlines, 
and their comparative freedom from strain effects. Yet it is apparent 
that granulation may have aided recrystallization and that its char- 
acteristic evidences may have become obliterated by recrystallization. 

aSp. 14929, si. 9460, Black Hills, South Dakota. 
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Gliding may have been partly effective in any of the above cases. In 
experiments on the deformation of marble under pressures, Adams 
has shown that deformation of the calcite crystals may occur by glid- 
ing along twinning planes of the crystal — i R. This results in dimen- 
sional parallelism of the crystals and not in crystallographic parallel- 
ism, for gliding may occur, no matter what the original arrangement 
of the calcite is, and no amount of the gliding will make parallel the 
relative crystallographic directions of different crystals. The main 
criterion by which gliding is determined is the increased amount of 
twinning to be observed. Where the movement occurred by gliding, 
the crystals were found to be finely striated by polysynthetic twinning 
grading into minute fractures, giving a reedy or fibrous appearance 
(PI. XV). In the calcite particles occurring in cleavable rocks more 
or less of such twinning is to be observed, and the presumption is 
that at least some of it is a secondary phenomenon due to pres- 
sure and is accompanied by a change in form. But the difficulty lies 
in ascertaining how much of the twinning is original and how much 
is secondary, and thus in determining the amount of the deformation 
brought about in this way. In the particular slides examined, in but 
few cases did the twinning lines seem to be much more numerous than 
that common for an unmashed marble. If gliding had occurred exten- 
sively, subsequent recry stall ization may have obliterated it. In con- 
nection with his description of his experiments on the flowage of 
marble, Adams publishes descriptions of 42 cleavable marbles for 
comparison. He concludes that while recrystallization undoubtedly 
plays an important and in many cases probably a chief part in the 
deformation of marble, the processes of gliding and granulation are 
also effective.^ 

The facts observed in this study seem to indicate that recrystalliza- 
tion and granulation are by far the most common of the processes 
producing the arrangement of calcite grains in cleavable rocks. The 
ease of recrystallization of calcite has been commonly recognized. It 
is beautifully illustrated under conditions of low pressure by the 
cementation of marl and by the common change of limestone to 
marble. 

The process of gliding has probably assisted both of the above 
processes, though in the particular rocks examined in this study the 
evidence of such assistance has been slight. In the observations of 
cleav^able marbles made by Adams more evidence of gliding was 
found, and in his experimental work the process has been demon- 
strated to occur. 

If the parallel arrangement of the calcite crystals of schistose mar 
bles is often clearly the result of recrystallization, and calcite is 

a Adams, F. D., and Nicolson, J. T., An experimental investigation into the flow of marble: Philos. 
Trans. Boyal Soc. London, vol. 195, 1901. 
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known for othor i-oasons to rocr v stall ize very easily, the question 
natunilly iiiisrs why panillol strurturos in marbles are nof more gen- 
eral, for it is c»x<*e<Hiintifly ran* to tind marbles with a parallel structure. 
(!ryst4illine crnmnlar marbles without parallel structure frequently 
appear Imtwecn very schistose gneisses. In the exceptional cases 
where parallel armngement is attained the conditions must be some- 
what unusual. Following Van Ilise,^ it may be suggested that the 
ready recrystallization of calcite and its consequent tendency to develop 
large individuals by the merging of smaller ones may soon obliterate 
evidences of parallel arrangement after rock flowage has ceased, and 
that a [)anillel arrangement apjMmrs only when the rock flowage and 
development of a pamllel structure has oiH5urred so recently that sub- 
s(»<juent recrystallization has not had time or the proper conditions to 
obliterate the parallel structure. In other words, the parallel struc- 
ture developed by granulation or recrystallization under dynamic 
conditions may be o})literated ))y subsequent recrystallization under 
static conditions. 

CHLORITE. 

No presentation of evidence is necessary to show that chlorite in 
parallel flakes in cleavable rocks is a development bj^ crystallization or 
recrystallization. The development of chlorite from other minerals 
has been so frequently observed and described that its secondary nature 
is accepted as a matter of course. 

In many schists chlorite is partially or wholly pseudomorphous 
after the micas, in which case its parallel arrangement is that of the 
mica. In other cases chlorite is a development from minerals of ap- 
propriate composition which originall}' had no parallel arrangement. 
In either case the shape and arrangement are due to recrystallization. 

TREMOLITE, ACTINOLITE, GRCNERITE, AND OTHER AMFHIBOLES. 

These minerals are in all cases certainlv the result of crvstallization 
in metaclasic rocks, as may be proved by field occurrence, where their 
development may be traced from rocks originally having none of these 
minerals. Their arrangement in certain cases in the plane of rock 
cleavage may be explained (1) by recrystallization during rock flow- 
age; (2) by recrystallization after movement ceased, the plane of rock 
cleavage affording directions of easiest development of the crystals; 
(3) by rotation of recrystallizing and recrystallized particles. What 
combination of these factors in a given case has been effective in pro- 
ducing the very partial arrangement observed in these minerals is 
difficult to determine. If (1) were effective we should expect to find 

a Van Hise, C. R., A treatise on metamorphism: Mon. U. S. Geol. Survey, vol. 47, 1904, pp. 754-755. 
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a better arrangement than we do find. If (3) were effective we should 
expect to find considerable breaking and interference of the tibern. 
Explanation (2) seems to afford the best explanation of the facts ob- 
served and this is accordingl}'^ given emphasis, although it is not meant 
to imply that the two others may not have been effective to a subordi- 
nate degree. 

GARNET, STAUROLITE, TOURMALINE, ANDALUSITE, CHLORITOID, ETC. 

Garnet, staurolite, tourmaline, andalusite, chloritoid, and the other 
crystals of this class in cleavable rocks are uniformly porphyritic. 
Their development in such rocks is largely by recrystallization, which 
occurs after rock flowage has ceased and is favored by high pressure 
and temperature, as is evidenced by their high specific gravity and 
characteristic association with great masses of intrusive igneous rocks. 
Evidence of their development by the recrystallization of the rock mass 
and recrystallization later than the rock flowage that has produced cleav- 
age is shown by the following facts: (1) They appear in rocks clearly 
derived by rock flowage from rocks originally lacking such minerals. 
(2) They frequently lie at high angles to the prevailing cleavage in the 
rock. (3) They do not show the degree of mechanical deformation that 
they would necessarily show had they developed in their present posi- 
tions before rock flowage had ceased. Many of the crystals are long and 
acicular, and would surely have been broken if any considerable move- 
ment had occurred subsequent to the development. (4) They include, 
within their outlines, minerals in part similar to those in the remain- 
der of the rock with an arrangement of their greater diameters in 
the plane of rock cleavage (PL XIII), an arrangement in part at 
least developed during rock flowage. (5) The mica and the other con- 
stituents of cleavable rocks, which are certainly developed by recrys- 
tallization during the process of deformation, are frequently seen to 
end abruptly at the periphery of the minerals of this group and to 
pass them by without any change of direction or crowding. If rock 
flowage under which the micas developed had occurred subsequent 
to the formation of the porphyritic crystals, crowding and bending 
of the micas must inevitably have occurred and would doubtless not 
be obscured by their subseqent recrystallization. (6) The usual large 
size of minerals of this group, as compared with their associated 
mineral particles, is due to their development subsequent to rock 
flowage, when granulation is no longer acting to break down the 
crystals. 

While the development of this group of crystals is believed to have 
been mainly subsequent to the development of the rock cleavage, it is 
true also that in some cases further flowage occurred subsequent to 
their development, as shown by fracturing of the crystals and the 
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crowding of tho otlior oonstitiuMits. The very fact that the effects of 
further inoveinent jin» so i'oiisp'h'iious confirnis the conclusion that the 
crysbils not showintjf these c»rt'e<*t,s developed aftt^r the movement 
ceased. 

SECTION III. GENERAL PREDOMINANCE OF PROCESS OF RE- 
CRYSTALLIZATION. 

B}^ comparing the discussion of the cleavage-producing capacity of 
mica, hornblende, (juartz, and feldspar which make up the great bulk 
of the rocks with secondary cleavage, with the discussion of the proc- 
esses which have determined their shape and arrangement, it appears 
that the mineral grains yielding the best flow cleavage are the ones 
which are described as showing conspicuous evidence that their shape 
is due to recrystallization, and if our idea of the factors and conditions 
controlling recrystallization is correct, the arrangement of such recrys- 
tallized particles is also due largely to the same process. It is an 
observed fa(*t that in general, so far as evidence of recrystallization is 
absent, the parallel arrangement also is lacking. (The reverse propo- 
sition does not hold.) Yet there is evidence, also, that granulation 
and slicing occasionally develop an excellent parallelism and may have 
been effective also in producing the parallel arrangement of particles 
which clearly bear the stamp of recrystallization as the last and domi- 
nant process. Evidence of rotation of original and granulated particles 
unaccompanied by recrystallization is conspicuous only in certain 
original and granulated mineral particles which are not so well adapted 
to give a good rock cleavage as the particles in which evidence of 
recrystallization is apparent. It is certain, however, that rotation has 
accompanied recrystallization in many grains which now show evidence 
only of recrystallization, for during the rock flowage which developed 
the cleavage rotatory stresses must have been generally active, as will 
be shown on a subsequent page (pp. 109-118). There is practically no 
evidence of gliding in these principal cleavage-giving minerals. 

The relative importance of the various processes giving the parallel 
arrangement to the remaining minerals of metaclasic rocks is a matter 
of little consequence for the reason that syich minerals have for meta- 
clasic rocks as a whole so little effect on rock cleavage. In calcite all 
processes, recrystallization, granulation, gliding, and rotation are 
effective; the order given is probably also the order of their impor- 
tance. Calcite is the mineral best adapted to change its form by glid- 
ing, and is the only one in which this process has yet been shown to 
be effective, but even here this process is probably subordinate to 
recrystallization. From evidence to be observed in the rocks them- 
selves, gliding is therefore practically negligible. In the remainder 
of this group of minerals the origin is almost entirely recrystalliza- 
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tion, and the arrangement, so far as there is arrangement, is doubtless 
due mainly to the same cause, although rotation may have had some 
effect. 

Investigations have shown in certain instances that the cleavability 
of a rock varies with its composition.^ This expresses also the fact 
that cleavability varies with mineralogical composition. In the devel- 
opment of flow cleavage in a noncleavable rock there is both chemical 
and mineralogical change and redistribution of substances. This 
occurs through recrystallization. Hence the close relation not only 
between cleavability and composition, but between these two and 
recrystallization. 

SECTION IV. ORDER OF RECRYSTALLIZATION. 

It has been seen that certain minerals develop secondarily in cleav- 
able rocks by recrystallization more readily than others. It is not 
possible to make definite statements concerning the order of facility of 
crystallization or recrystallization of different minerals, because of the 
fact that certain of the cleavage-making minerals, such as hornblende, 
usually develop to the exclusion of others, such as micas; the cleavage 
rocks in which hornblende and biotite or hornblende and muscovite 
occur together are very few. We know definitely that quartz gen- 
erally recrystallizes before feldspar, and mica and hornblende before 
quartz and feldspar. In a few cases * we know also that the biotites 
have developed before the hornblendes, but how generally this state- 
ment can be made to apply is a matter of doubt. As to the n)icas, it 
is certain that the muscovite and biotite, when they occur together, 
usually develop simultaneously ; they are interleaved in a most intricate 
fashion, and the development of one or the other is apparently a matter 
of the substances available. Exceptionally the muscovite evidently 
crystallizes before the biotite. The recrystallization of calcite has 
not been compared directly in the same slide with the development of 
the minerals above named, but it is known that this mineral recrys- 
tallizes very easily and probably relatively early in rock flowage. 
Chlorite perhaps in some cases develops simultaneously with the 
micas, but it is certain that in other cases it develops later as an alter- 
ation of micas or other minerals. Where it is developed to the exclu- 
sion of the micas it is of course diflScult to compare its ease of recrys- 
tallization with that of the micas. Actinolite, griinerite, and tremolite 
are certainly in man}^ if not in most cases crystallized out later than the 
principal cleavage-making minerals, as is evidenced by their unbroken 
form and random arrangement in rocks which show parallel arrange- 

aSee articles by Reade and Holland in Proc. Liverpool Geol. Soc. for 1899-1900, pp. 463-478, and for 
1900-1901, pp. 101-127. See also Harker, Kept. 55th Meeting Brit. Assoc, Adv. Sci., 1885, p. 828. 
^Sp. 18037,^1. 9589, near Hudson River, New York, 
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ment by crystallization or rocrystallization of other constituents. The 
same statement may be made with reference to the group of heavy 
minerals, such as j^irnet, staurolite, andalusite. chloritoid, tourmaline, 
eU'. They are all developments by crystallization very late in the 
process of deformation or after deformation has entirely ceased. 
Their development is also later than the recrystallization of calcite 
or chlorite and, in most crises at least, of actinolite, grunerite, and 
tremolite." 

Tt is interesting to ascertain whether or not the order of recrystal- 
lization or crystallization of the various minerals of cleavable rocks 
bears any uniform relation to any of their minei*al properties, and to 
attempt to ascertain what properties have caused the minerals to 
recrystallize in this order during rock flowage. So far as one can judge 
from the above facts, there is no obvious armngement of the mineral 
properties corresponding with the order of recrystallization. The 
specific gravity in the four principal schist-making minerals — mica, 
hornblende, quartz, and feldspar — ranges roughly from higher in the 
easiest and first recry stall ized to lower in the last recrystallized. In 
chemical composition there is apparently no order. The symmetry 
shows no regular variation. The mineral habit varies from greater ine- 
quality of the dimensional axes to less inequality. In the less important 
minerals which undoubtedly crystallize later in rock flowage, there is 
the same irregularity and uncertainty in the order of properties. 
Instead of having a lower specific gravity than the principal cleavage- 
giving minerals above named, these minerals have a higher one. In 
symmetry and shape they show greater variety; in some instances the 
crystals have less inequality of dimensional axes than the principal 
cleavage-making minerals and in other cases more. 

The conditions determining the order of development of the various 
cleavage-making minerals by crystallization or recrystallization dur- 
ing rock flowage are evidently somewhat complex, and not evidenced 
by a simple graded series of mineral properties. The form and kind 
of mineral developing at any stage in the process may be conditioned 
by factors of temperature and pressure, substances available, crystal 
shape and symmetry of the particles which may develop at that point, 
their specific gravity, etc. For different minerals and conditions 
different factors are dominant, and a comprehensive discussion of 
the causes of the order of development during rock flowage would 
involve a detailed description of many factors affecting each mineral, 
which would make a paper in itself. Van Hise* has made an 
exhaustive study of these factors, and the reader is referred to his 
work on metamorphism. One principle, however, may be empha- 

a See slides and specimens from Republic Mountain and Humboldt Mountain, Marquette district, 
Michigan, 
ft Van Hise, C. R., Mon. U. S. Geol. Survey, vol. 47, 1904. 
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sized. While the minerals developing at any place or time during 
rock flowage are limited in their variety by the substances available 
in the capillary and subcapillary solutions, it may be supposed that if 
at any point such substances are present that any one of several min- 
erals might develop, the mineral best adapted by its high specific 
gravity and especially shape, as shown by the above facts, to the con- 
ditions of pressure there existing will be the first one to form, although 
other factors may have a modifying eflFect. It is an observed fact that 
minerals developed by recrystallization during rock flowage have as a 
rule higher specific gravities than the minerals originally present in the 
rock or minerals developed under conditions of weathering, and thus 
the development of a rock with a good cleavage through recrystalliza- 
tion means a diminution of volume. It is further a matter of obser- 
vation, as shown in the foregoing pages, that the minerals showing 
the best evidence of recrystallization are the ones which by their 
shape and dimensions are best adapted to the conditions of unequal 
pressure which have existed during the deformation of the rock. 



CHAPTER lY. 

MlSOKLLANEorS OBSERVATIONS ON THE INTERNAL STRUC- 
TURE OF CLEAVABLE ROCKS. 

SECTION I. WHY SOME MINERA1.S SHOW CRYSTALLOGRAPHIC 

PARALLELISM AND OTHERS DO NOT. 

It has been shown that minerals of different kinds in metaclasie rocks 
do not exhibit a parallelism of their crystallographic or vector proper- 
ties, but that jmrticles of the same mineral sfjecies do show such 
parallelism in so far as these properties have uniform relations to the 
dimensions of the particles. In other words, the minerals are always 
controlled in their arrangement by their dimensions, and in so far as 
the vector properties happen to be in uniform positions with reference 
to such dimensions these properties are themselves parallel. The 
parallel crystallogmphic arrangement of particles of the same mineral 
is thus a phenomenon subordinate to, and dependent upon, the dimen- 
sional arrangement of the particles. This uniform relation of the 
crystallographic properties to dimensions and consequently the parallel 
arrangement of the cr^ stallographic properties are found in cleavable 
rocks onl}^ in the particles of minerals which have a strong tendency 
to occur with strongly marked crystal habit, such as mica and horn- 
blende. In developing b}' recrystallization during rock cleavage, as 
these minerals do for the most part in cleavable rocks, their tendency 
to take on definite crystal forms, working under the general law of 
dimensional control, requires that the crystallographic axes of the 
particle shall also be arranged in parallel positions. Minerals such as 
quartz, feldspar, and calcite, which lack a strongly marked crystal habit 
or cleavage form in metaclasie rocks, commonly do not show a paral- 
lelism of the crystallographic properties of the different particles. It 
is known that the tendency to the development of quartz and calcite in 
columnar forms is slight. Any small accident of crystallization may 
cause the development of short, stumpy crystals whose length is not 
greatly different from their thickness. This is shown in quartz by a 
tendency to develop terminal faces, manifesting itself in striations on the 
pyramidal faces, in this contrasting strongly with hornblende, which has 
a strong tendency to columnar habit without the development of termi- 
nal faces. For this reason in meeting the requirements of dimensional 
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arrangement under rock flowage, quartz, and calcite in recrystallizing 
do not necessarily arrange their crystallographic axes. The tendency 
toward developing in characteristic crystal shape is not strong enough 
to orient the crystallographic properties when the mineral is arranging 
itself dimensionally under pressure. The same statements apply in a 
less degree to feldspar. 

Under exceptionall}^ favorable circumstances it would be natuml 
to expect that the tendency, slight though it is, for quartz, feldspar, 
and calcite to take on characteristic crystal shape with chamcteristic 
dimensions, would cause the crystallographic properties to be parallel, 
and this, except for calcite, seems to be the case in exceptional 
instances, as shown in Chapter II. 

The reverse proposition, that all mine.rals showing strongly marked 
crystal habit in cleavable rocks have also cr}- stallographic parallelism, 
does not hold, for the fact has repeatedly been emphasized that many 
minerals, such as tourmaline, chloritoid, etc., and exceptionally even 
feldspar and biotite, develop late in the process of rock flowage or 
after rock flowage has entirely ceased, and usually lack not only crys- 
tallographic but even dimensional parallelism. 

SECTION II. MOLECULAR SHAPE AND RECRYSTALLIZATION. 

There is a significance in the entirely new development by recrystal- 
lization of minerals, such as mica and hornblende, with strongly marked 
crystal habits and with pamllel dimensional and crystallographic 
arrangements. The outward form of a crystal is commonly taken to 
be a manifestation of its internal structure. The characteristic dimen- 
sions of a crystal may be supposed to be conditioned bj^ the molecules 
themselves, because of their shape or manner of aggregation or both. 
It may be supposed further, then, that the dimensional control of the 
arrangement observed in the crystals developed entirely bj^ recrys- 
tallization in metaclasic rocks will apply equally- well to the very first 
molecule or group of molecules of these minemls which began to 
develop^ in other words, that the very first molecule or group of 
molecules which were brought together by crystallization or recrystal- 
lization to make up the crystals of these minerals were controlled in 
their initial position by the conditions of unequal pressure existing 
during the rock flowage. They were actually squeezed or held in 
parallelism by the differential pressure. Whatever molecular property 
gives the characteristic shape to crystals causes the arrangement of 
the molecules under pressure. So far as fortunately^ oriented crystals 
survive or continue to grow, it may be that the molecular properties 
determining their shape meet the requirements of dimensional con- 
trol. In discussions of the molecular structure of a mineral, it has 
ordinarily been assumed that the shape of crystals is due to mole- 
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cular grouping, i. e. , the moleculos have been considered as essen- 
tially equidimensioiml bodies, and the differences in symmetry and 
shape of crystals have been considered to depend upon the spacing 
of the molecules. One would expect, therefore, that, as the first 
molecules of the newly developing crystal aggregated themselves 
in a rock undergoing flowage, their tendency to unequal spacing in 
different crystallographic directions would give the crystal at once 
unequal dimensions. This would cause its orientation with its shorter 
diameters parallel to the shortening of the rock mass, and in mineral 
particles so arranged the greater molecular spacing would be looked 
for in the direction of the greatest dimensional axes of the crystals — 
that is, normal to the shortening of the rock mass. But it has further 
been held by cr3^stallographers that mineral cleavage is dependent upon 
the spacing, of molecules, the molecules being spaced more closely in 
the planes of mineral cleavage than transverse to them. On such a 
hypothesis it must be assumed that in developing by recrystallization 
during rock flowage, the micas, for instance, take a position with the 
greater spacing of the molecules parallel to the shortening of the rock 
mass, a direction in which one would expect the molecules to be most 
closely spaced. If the molecules were most widely spaced in the direc- 
tion of the least dimensional diameter of the mica, as required by the 
theory of mineral cleavage, it is diflScult to understand how the minute 
beginnings of mica crystals, or the first aggregates of molecules which 
can be called crystals, could arrange themselves, as they unquestionably 
have, under the law of dimensional ari*angement. Such considera- 
tions, together with the complete dimensional control of the arrange- 
ment of newly developing mineral particles in a rock undergoing rock 
flowage and the complete dependence of rock cleavage upon the par- 
allel arrangement of unequidimensional mineral particles, suggest that 
possibly the more minute constituents or structural elements of these 
crystallographically parallel mineral particles may be arranged under 
similar laws; the molecules themselves may have unequal dimensions 
and be arranged under the law of dimensional control shown by the 
crystal particles. It would follow that minerals dimensionally and 
not crystallographically arranged, such as most quartz, calcite, and 
feldspar particles, have molecular shapes such that in the beginning 
of their development they may meet the requirements of dimensional 
control without necessarily arranging their crystallographic axes. 

As another possibility the molecules might be both dimensionally 
arranged and unevenly spaced, giving several possible combinations 
of arrangements. It might well be that with the parallel dimensional 
arrangement of the molecules there is a wider spacing in directions 
normal to the greater diameters of the molecules. This would allow 
newly developing mica particles to meet the requirements of dimen- 
sional control and at the same time to arrange their mineral cleavage. 
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assuming this to be conditioned by the wider spacing of the mole- 
cules in planes normal to the shortest dimensional diameter. 

An interesting and perhaps significant fact in this connection is the 
common position of the optic axis a normal to the greater dimensions 
in such minerals as the micas. This means that the rays propagated 
normal to the plane of cleavage and vibrating parallel to it travel 
more rapidly than others. The behavior of light in such crystals may 
be influenced by the possible dimensional arrangement of the mineral 
molecules here suggested. However, a discussion of the possible 
nature of such influence must include so many factors, many of them 
of yet doubtful nature, that it must be left to some other time and 
place. 

SECTION III. FLOW CLEAVAGE AS A MOLECULAR PHENOMENON 

It is clear that as flow cleavage is a capacity to part, not an actual 
parting, whether along mineral cleavages or between mineral particles 
due to their weak adhesion, it is a molecular phenomenon. Parting 
can occur only by breaking certain bonds of molecular attraction. It 
is necessary only that the bonds of molecular attraction should be less 
strong along certain parallel lines or planes than along others. A defi- 
nition of flow cleavage, in terms of molecular attraction, would thus 
read as follows: Flow cleavage is a capacity to part along parallel 
planes or lines or surfaces, due to weaker molecular attraction along 
such parallel planes or lines than in other directions in the rock. 
This allows of parting parallel to a number of sets of lines or planes, 
but where one set gives an easier parting than another only the easier 
one is likely to appear. 

When a rock with flow cleavage is cleaved, it is observed that the part- 
ing occurs either between separate mineral particles, which act as units 
during parting, or along cleavage planes in the mineral particles them- 
selves or commonly both. Where the mineral particles act as units, the 
parting has been observed to occur most readily along planes or lines in 
which the fewest mineral particles are to be met with. In the common 
cases this is obviously in the plane of the greatest and mean diameters, 
or in any planes or surfaces parallel to the greatest diameter of the min- 
eral particles. The parting occurs less readily in the plane of the great- 
est and least axes, and still less readily, or not at all, in the plane of the 
least and mean axes of the particles. Where the particles act as units 
in the parting, the adhesion of the particles to one anotker is weaker 
than the-internal cohesion of the individual particles. The planes of 
parting are separate entities; they are finite in number, and have defi- 
nite positions in the rock. For convenience in discussing flow cleavage, 
the parting so occurring between the mineral particles rather than 
through them may be called intermineral or adhesive cleavage. Such 
cleavage is likely to yield few possible planes of parting visible in the 
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Imnd specimen. Where during the parting of a metaclasic rock the 
particles do not act as units, but break along their own parallel 
mineral cleavages, the number of possible planes of parting through 
the minerals so arranged may be almost infinite in number. The cohe- 
sion of the substances of the particles is less than the adhesion of 
the particles to one another. Cleavage so produced may be called cohe- 
sion cleavage, to distinguish it from the intermineral or adhesion cleav- 
age. Because of its fineness it might perhaps be distinguished as 
microcleavage. As already intimated adhesion and cohesion cleavage 
commonly occur together in rocks. 

All flow cleavage belongs under one or both of these heads. The 
terms are superfluous for ordinary descriptive purposes, but are con- 
venient in a discussion of this phase of the subject. 

The preceding discussion of the effect of the individual minerals on 
the production of cleavage has given data for a general statement of 
the relative importance of intermineral and cohesion cleavage in meta- 
clasic rocks as a whole. 

Cohesion cleavage seems to be important so far as mica and horn- 
blende are present in a metaclasic rock, and adhesion cleavage so far as 
quartz and feldspar are present. The presence of mineral cleayage 
faces in the rock cleavage partings is evidence of the cohesion cleavage, 
while their absence is taken as evidence of adhesion cleavage. But, 
while the presence of mineral cleavage faces on the rock cleavage part- 
ing surface is necessary when the rock is parted along cohesion cleav- 
age planes, it does not follow that the presence of such mineral cleav- 
age planes always indicates that the rock cleavage was of the cohe- 
sion variety alone, for the shapes of hornblende and mica particles 
in cleavable rocks are determined by mineral cleavage, and it is 
very difficult to tell on the rock cleavage surface whether the mica 
and hornblende there appearing have been parted along their own 
cleavages or are in their original forms. While adhesion cleavage 
can occur alone, cohesion cleavage is rarely, if ever, present to the 
exclusion of the adhesion cleavage. It is to be remembered that the 
micas and hornblendes never make up the entire mass of a rock, but 
are usually separated by layers of quartz or feldspar, or both, and 
even if these minerals were not present the cleavage would not be 
cohesion cleavage alone, but partly adhesion cleavage between different 
mica or hornblende individuals. 

It can be said, then, that so far as quartz and feldspar appear on the 
cleaved surface of a metaclasic rock, as it does* in many quartz- 
feldspar gneisses, the rock cleavage has probably been mainly of the 
adhesion variet}'. So far as mica and hornblende appear, the rock 
cleavage probably has been both of the adhesion and cohesion varieties. 
While adhesion cleavage is nearly always present, the fact that cohe- 
sion cleavage is certainly important for the micas and hornblendes indi- 
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cates that cohesion cleavage in cleavable rocks may be as important if 
not more important on the whole than adhesion cleavage. 

So far as chlorite is present in the rock the cohesion cleavage is 
dominant. So far as actinolite, grunerite, tremolite, staurolite, tour- 
maline, and chiastolite are present, and have parallel arrangement, 
probably the adhesion cleavage is important. 

Calcite in finely fissile limestones or marbles yields an adhesion 
cleavage alone, as is evidenced by the characteristic absence of calcite 
cleavage on cleavage surfaces of such rocks and by the absence of 
parallelism of the calcite cleavage as observed microscopically. 



CHAPTER Y. 



OBSERVED RELATION OF FLOW CLEAVAGE TO THE ELONGA- 
TION AND SHORTENING OF ROCK MASSES. 

If the relation of flow cleavage to the elongation and shortening of 
rock noiasses is certainly known, its relations to pressure may be worked 
out. The relation of flow cleavage to elongation and shortening of a 
deformed rock mass may be shown by (1) the distortion of pebbles of 
a conglomerate, (2) the distortion of mineral crystals, (3) the distortion 
of volcanic textures, (4) the distortion of fossils, (5) the distortion of 
beds and attitude of folds, (6) relations of cleavage to intrusives, (7) 
the position of fractures. It is scarcely necessary to attempt an 
exhaustive discussion of each of these lines of evidence, they are so 
common and well known. But of each a few illustrations to show the 
nature of the evidence may be given. 

(1) Distortion of pehhles of a conglomerate. — Schistose conglomerates 
show by the distortion of their pebbles, either with or without frac- 
ture, the directions of elongation and shortening, although it may 
sometimes be diflScult to distinguish the shapes of undef ormed pebbles 
from those of deformed pebbles. As illustrative examples ma}' be 
cited: Conglomerates from the iron districts of the Lake Superior 
region « (See PI. XXVII), from Crystal Lake in California, from the 
Black Hills of South Dakota,* from Madoc, Ontario,^ from the Green 
Mountains of Vermont, and from the Front Range of Colorado. Seder- 
holm ^ describes squeezed conglomerates from Finland, Harker * cites 
a number of instances in his discussion of rock cleavage, and Leh- 
mann-^ figures several in his crystalline schist report. Instances could 
be cited from almost every known area of pre-Cambrian sedimentary 
rocks. 

In all of these conglomerates the matrix is schistose or cleavable, 
and the schistosity or cleavage is approximately^ parallel to the greater 

aSp. 25718, north of Felch Mountains, Michigan; sp. 42094, fracture in pebble, north shore of Lake 
Superior; sp. 45810, Pine River, Wisconsin. 
bSp. 14818, Blaclc Hills, South Dakota. 
cSp. 18391 and 18392, Madoc, Ontario. 

dSederholm, J. J., Archean sedimentary formations: Bull. Geol. Survey of Finland, No. VI. 
e Harker, Alfred, Kept. 55th Meeting Brit. Assoc. Adv. Sci., held 1885, published in 1886, p. 837. 
/ Lehmann, Origin of the Crystalline Schists; Atlas, PI. VII, figs. 5 and 6; PI. XVII, fig. 4. 
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diameters of the flattened pebbles, although bendiug at the ends of the 
pebbles in following their peripheries. Where tlie flattening of the 
pebbles has been extreme, as in a specimen illustrated in PI. XXVI, 
A, B, the longer diameters of the pebbles not only coincide with the 
cleavage of the rock, but at the squeezed end of the specimen the out- 
lines of the pebbles may not be distinguished. 

In some instances also, and probably in many, the flattening of the 
pebbles has resulted in developing a cleavage within them, and this 
i^lcavage has been observed to be parallel to the flatness of the peb- 
bles. In a schistose quartzite conglomei'ate'' from the Metropolitan 
district, Michigan (fig. 27), and in a schistose breccia-conglomerate from 
Madoc, Ontario, sections through the pebbles show that the individual 
quartzes making up the com- 
plex pebbles have been uni- 
formly elongated by recrys- 
tallization in the same plane 
in which the pebble as a whole 
has been elongated. In the 
same rocks, also, there is evi- 
dence of slicing and granula- 
tion of certain particles in 
the pebbles, resulting in a 
parallel arrangement slig:htly 
inclined to the plane of elon- 
gation of the pebbles. Par- 
allelism of constituent min- 
erals is excellently developed 

in much elongated slat«, i q n tz e n <\ ■. 

schist, and diorite pebbles in ^ w 

a slate conglomerate from « " ^ 

Pine River, Wisconsin (PI. 

XXVII, A, B, C). While in a few cases the parallel arrangement of 
the mineral constituents may have existed in the pebble before it 
became a part of the conglomerate, there is no question that the pre- 
vailing parallel structure has been developed by the secondary defor- 
mation which has affected the rock as a whole. In these cases, and in 
others, the cleavage of the pebbles may be good or pfior, depending 
on the nature of the constituents, and on the extent to which the 
matrix has taken up the deformation, but, such as it is, the cleavage 
is parallel to the longer diameters of the minute particles making up 
the pebbles, to the plane of elongation of the pebbles as a whole, and 
finally to the sciiistosity or cleavage of the rock mass as a wJiole. 
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Illustrations might be multiplied, but the cases here eitod will serve 
to show the bearing of this line of evidence on the subject in question. 

(2) The iHsffprflon (ff 'm!ueral crystals, — The distortion of crystals, 
either by recrystallization or by granulation, is a commonly observed 
phenomenon. In the description of the features of occurrence in the 
rocks with flow cleavage in Chapter II instances of this are cited. 
Numerous slides have been observed in which the plane of cleavage is 
marked by mica plates or hornblende crystals, while the associated 
quartz and feldspars show fractures at angles with the plane of cleav- 
age (figs. 9, 16, 17). Where, accompanying these fractures, there has 
been displacement of the parts, as is frequently the case, this displace- 
ment is observed to work toward extending the fractured particle in 
the plane of rock cleavage and shortening it normal to the plane of 
cleavage. Lehmann figures a number of instances of this.^ Van 
Hise* quotes Keith as making the following statement: 

Near Blowing Rock, N. C, is a mashed porphypitic granite in which porphyritic 
crystals of feldspar are flattened in various degrees, and their greater diameters are 
uj)on the average parallel with the secondary structure. In many cases the feldspar 
crystals are fractured in a direction diagonal to the cleavage, and in some cases in a 
ningle feldspar crystal there are two sets of diagonal fractures approxhnately at right 
angles to each other and each inclined about 45° to the cleavage. 

(8) Distortion of volcanic textures, — Ancient volcanics, particularly 
of pre-Cambrian age, rarely occur over considerable areas without 
showing cleavage structure in part. In the Lake Superior countr}" 
a greenstone with original ellipsoidal parting frequently shows ar flat- 
tening of the ellipsoids in one direction, with or without fracture, and 
in such cases the ellipsoids and matrix have a flow cleavage parallel to 
the longer diameters.^ In the pre-Cambrian rocks of Lake Superior 
are many schistose volcanic rocks containing am^^gdules and spheru- 
lites. The elongation of the amygdules^ and spherulites in planes 
parallel to the cleavage in the rock is of common occurrence. The 
elongation of spherulites and perlitic textures may be particularly 
well observed in certain areas of isolated pre-Cambrian volcanics in 
the Fox River Valley of Wisconsin. Here there is also an agreement 
in direction between cleav^age and the greater diameters of the dis- 
torted fragments of a volcanic breccia. Harker^ describes the agree- 
ment in direction of cleavage and flattening of the fragments in a 
schistose volcanic ash in the boulder clay at NantUe. In specimens 
from the Black Hills, and from the Menominee district of Michigan, 
the flattening of fragments in breccias is to be observedy 

«See figs. 1, 4, and 5, PI. I, Lehmann's Atlas, cit. 

b Van Hise, C. R., Deformation of rocks: Jour. Geol., vol. 4, 1896, p. 460. 
c Clements, Mon. U. S. Geol. Survey, vol. 36, PI. XI. 
d Sp. 27750, Crystal Falls district, Michigan. 

«Sp., 14823, Black Hills, South Dakota; sp., 25669, Menominee district of Michigan. 
/Harker, Slaty cleavage: Rept. 55th meeting Brit. Assoc. Adv. Sci.. held in 1885, published in 1886, 
p. 837. 
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(4) Distortion of fossils. — The elongation of fossils in the plane 
of cleavage has been observed in so many cleavable rocks that 
no reference will be made to the individual cases. Harker, in his 
article on slaty cleav^age, cited, refers to a number of such cases. In 
these distorted fossils it has been observed that the mean axis of strain 
has been one of absolute elongation in many cases. 

(5) Distortion ofheds and attitude of folds, — Frequently there may 
be observed the thickening or thinning of a bed or layer of rock 
through the processes of rock flowage. Any cleavage which is pres- 
ent in such a distorted bed is likely to be normal to the shortening. 

Folds often show the direction of shortening of the deformed rock 
mass. The well known relation of cleavage to simple folds, i. e., a 
position roughly parallel to their axial planes, shows plainly the 
development of cleavage normal to the greatest compression which 
the rock mass has undergone. Deviation from this attitude becomes 
apparent as shearing develops parallel to the limbs of folds, as dis- 
cussed in a subsequent chapter (p. 152). Folds may be indicated by 
the distortion of bedding. Certain specimens from the Black Hills 
show that the bedding has been shortened in its own plane by minor 
crenulations, and the associated cleavage may be observed to be in 
all eases normal to the greatest shortening indicated by such folds.^ 
Similar instances may be cited from the Lake Superior country and 
from almost any other district where cleavable bedded rocks, particu- 
larly slates, occur. 

Sorby has figured and described undulations in a coarse sandy shale, 
which lies between beds of fine shaly slate showing cleavage but not 
folding. The axial planes of the undulation in the coarse rock coin- 
cide with the cleavage planes of the finer rocks. It is clear that the 
direction of compression as shown by the folds is at right angles to 
the cleavage planes in the slate above and below.* Harker says that 
similar phenomena may be observed in almost any of the slate quarries 
of northern Wales. 

Folds may ])e indicated by the distortion of gneissic or original 
flowage structure. The distortion of gneissic banding in the pre- 
Cambrian gneisses is too common and widespread to need detailed 
reference.^ Wherever, with this folding, a subsequent cleavage has 
been developed, this appears in planes normal to the shortening of the 
rock mass shown bv the folds. 

(6) Relations to /ntrmire^s. — Intrusions of great masses of igneous 
rocks, and particularly deep-seated batholiths, are known to compress 
the adjacent rocks in directions normal to the periphery of the intru- 

aSp. 14974, si. 771'J, Hlack Hills, South Dakota. 

^Harker. Slaty cleavage: Rept. 55th me<*ting Brit. Arwk;. Adv. S<'i., held in 1885, publinhed in 1886. 
p. 824. 

c Van Hise. ('. R., Principles of pre-Cambrian K^'ology, IMh. CX and CXVII and fig. 162. ^ 
Atlas, PI. XIV, figs. 2 and 4; PI. XVI, fig. 1. 
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sive masses. Cleava<^(' is commonly developed in the surrounding 
rocks parallel to the jx^riphery of the intrusiv e masses. Its develop- 
ment in planes normal to the greatest compression is thus clear. An 
illustration, cited by Van Hise, is the Black Hills batholith of granite 
which has intruded a sedimentary series, and developed a cleavage 
parallel to the periphery of the gi-anite. 

(7) Relatloiiti to fractwres. — Where fractures and cleavage have been 
developed simultaneously, as is possible in heterogeneous rocks, the 
displacement along the fractures may indicate the direction of short- 
ening and elongation of the rock mass as a whole. This is partially cov- 
ered in the above discussion of the distortion of pebbles, crystals, etc. 
Even if the displacement can not be observed, the position of the 
fractures may indicate the probable direction of the compression of 
the rock mass, for fractures are ordinaril}'^ developed in planes inclined 
to such compression, and hence when the cleavage plane is inclined to 
the planes of fracture (figs. 9, 16, 17) the presumption is that it is not in 
the shearing planes, but more nearly normal to the compression of the 
rock mass. This criterion affords only a suggestion of the relations 
of cleavage to shortening of the rock mass, for the precise relations 
vary with the nature of the deformation, as shown in subsequent 
chapters. 

GENERAL. 

From the lines of evidence above cited it appears that wherever the 
directions of shortening and elongation of a rock mass can be deter- 
mined with certainty any flow cleavage which may be present is nor- 
mal to the total greatest shortening which the rock has undergone. 
The greatest, mean, and least diameters of the particles may be observed 
to have a tendenc}^ toward parallelism with the greatest mean and 
least axes of strain in the rock mass. 

But there are minor deviations from parallelism, some of which are 
due to the heterogeneity of the rock mass and some of which are due 
to the manner of deformation. 

Says Van Hise: "It is a very common phenomenon in slates and 
schists, both macroscopically and microscopically, for the direction of 
the secondary structure to wrap around the harder particles. As a 
hard grain or pebble is approached the cleavage structure in the 
matrix opens out on each side of the gmin, envelops it, and closes in 
again beyond it. The structures nowhere intersect, although upon 
opposite sides of a particle near the ends they converge, and in pass- 
ing toward either end they turn and become parallel."^' 

In a few and rather exceptional cases, where the parallelism of the 
longer diameters of the mineral particles is clearly the result of gran- 
ulation or slicing, as in certain sheared conglomerates and sheared 



a Van Else, C. R., Deformation of rocks: Jo"r fi«rii vol. 4, 1896, p. 460. 
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anorthosites described in foregoing chapters, the longer diameters of 
the particles may show uniform, though slight, tendency to deviate 
from parallelism with the elongation of the rock mass, as shown by 
the nature of the strain or by the position of the longer axes of other 
particles present which have received their position parallel to the 
elongation of the rock mass by recrystallization. 

In Chapter VI it will be shown that the longer diameters of the 
mineral particles sometimes deviate from parallelism with the elonga- 
tion of the rock mass as a whole, because of the changing relations of 
the sti*ain to the stress producing it during a rotational strain. 

The deviations from parallelism under these conditions might be 
considered as evidence that the parallel structure is developed in 
shearing planes or planes of maximum tangential strain inclined to 
the greatest elongation of the rock mass, for where the rock has been 
much shortened even structures developed in shearing planes may 
vary only a few degrees from parallelism to the elongation of the 
rock mass. But the deviation may be adequately explained other- 
wise. (See following chapter.) It is certain that in the absence of 
the modifying conditions referred to the parallelism of the longer 
diameters of the mineral particles and the longer axes of strain in the 
rock mass is close, and that no uniform deviation can be detected 
either by microscopical or macroscopical observation. 

It is clear from phenomena of the kind above described that an 
excellent cleavage may develop with but a comparatively small 
shortening of the rock mass. But the excellence of the cleavage 
seems to be more a matter of the nature of the mineral constituents 
(each of them having its own uniform influence on cleavage) than a 
matter of the amount of deformation which a rock has undergone. 
Where the conditions have been favorable to the development of min- 
erals such as mica and chlorite, for instance, a comparativel}^ small 
amount of shortening of the rock mass has developed a good cleavage, 
while, on the other hand, a very considerable amount of shortening has 
sometimes failed to produce anything but a poor cleavage in a rock 
consisting mainly of quartz particles. 

It is of interest to ascertain whether the mean axis of strain repre- 
sents actual elongation or shortening of the rock mass. Man}^ 
instances of elongation of the mean diameters may be cited in the dis- 
tortion of original crystals, in the distortion of pebbles of conglom- 
erates, in tli(^ distortion of original volcanic textures, and in a few 
cases in the distortion of folds. The shapes of newly developed min- 
erals, and especially those of mica and chlorite, are themselves sug- 
gestive of the nature of the strain which the rock has undergone. 
The greatest and mean diameters of the mica and chlorite plates have 
practically the same dimensions, and if the greatest diameter represents 
elongation, as it does beyond reasonable doubt, the mean diar ' ^o 
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represents elongation. Instances of shortening of the mean diameter 
also may be observed in the distortion of all of the forms above named, 
and the shapes of certain minerals newly developed are again suggestive 
of shortening of the mean axes of strain in the rock. In hornblende 
the greatest diameters are far greater than the mean and least diam- 
eters, which do not differ widely from each other. If the least 
diameter represents a shortening of the rock mass it seems likely that 
the mean diameter does so also, leaving only one direction of elonga- 
tion parallel to the longest diameter of the hornblende crystals. The 
shapes of the mica and hornblende crystals so characteristic of cleav- 
able rocks is taken as one of the best criteria for determining the 
nature of the strain, and one is tempted to go even further and say 
that when the chemical and physical conditions are favorable for the 
development of either mica or hornblende, mica may develop when the 
conditions are such that there is elongation along the mean axes of 
strain in the rock and hornblende when there is shortening along the 
mean axes of strain in the rock. A review of the facts seems to indi- 
cate that in the development of cleavage there has been, for the most 
pail, an actual elongation of the mean axes of strain in the rock rather 
than a shortening, and that the relative importance of elongation and 
shortening of the mean axes is about the same as the relative importance 
of mica and hornblende in the production of rock cleavage. 



CHAPTER Yl. 

RELATIONS OF THE ELONGATION AND SHORTENING OF ROCK 
MASSES, AND HENCE OF FLOW CLEAVAGE, TO STRESS. 

Thus far in the discussion there has been a basis of observed geo- 
logical fact. It has been possible to observe the causal relation between 
pamllel arrangement of mineral particles and flow cleavage, and 
between the parallel arrangement of the mineral particles and the 
direction of elongation and shortening of rock masses. It is not 
possible to observe directly the relations of cleavage to the stresses 
which have deformed the rock, but as the relations of cleavage to the 
elongation and shortening of rock masses are known and as the rela- 
tions of elongation and shortening of solid bodies to deforming stresses 
may be worked out in their simpler aspects, both experimentally and 
mathematically, and are accepted as proved in physical and engineering 
treatises, the general relations of cleavage to the stresses producing 
it may be stated with some confidence. The first step in the discus- 
sion, then, is a summary of the simpler and most obvious relations 
of deformation of solid bodies to stress. ^ 

STRAIN. 

Strain means any change in the relative position of the particles 
of a bod3\ The change may be either of form or voliune, or both. 
When the form changes the strain is called distortion. When the 
volume changes, the strain is called dilatation. 

Any small sphere in an unstrained mass becomes an ellipsoid after 
strain — i. e., a strain ellipsoid, the greatest, mean, and least axes of 
which are called the principal axes of strain. In a special case (simple 
dilatation) all diameters of this sphere are changed equally and the 
resulting ellipsoid is a sphere. If these axes remain constunt in 
direction during strain, the strain is called 'Mrrotational" strain; if 
not, it is called "rotational" strain. 

«Ho8kin«, L. M., taken mainly from " Flow and ruptureof rocks": Sixteenth Ann. Rept. V. S. Gcol. 
Snrv'ey, pt. 1, 18%, pp. 815-872. 

Van Hise, C. R., Principles of North American pre-Cambrian geologj': Sixteenth Ann. Rept. U.S. 
Geol. Survey, pt. 1, 189C, p. C36. 

Thompson and Tait, Natural philosophy. 

Be<*ker, (}. F., Finite honioKeneous strain, flow, and rupture of rcK'ks: Bull, (Jeol. Soc. .Vmerica. 
vol. 4, 1893, p. 2*2; Jour. Geol. vol. 4, 18%, p. 4:M). 

YomiK, Thomas, A Course of Ix»ctur<'s on Natural Thilosopliy and tlu' Mecluinicul Arts. I^»nd«»n, 
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Any irrntfttionnl strain in which all three principal axes are changed 
in lenfftii in siicli u mtio that the vohime remains constant, has been 
called "" pniv sliortciiing'' by Van Hisc," and this terra will be used 
below. In a special case of Irrotational strain without change of vol- 
ume, one of the axes may remain unchanged in length; then the 
strain is known as a "simple shear" (Thompson and Tait*), or a "pure 
shear" (Becker'"), or a "simple detrusion" (Young'' and Pcirce*). An 
irrotational strain is illustrated in two dimensions in figs. 28 and 2!*, 
Everj- particle of the bod}' takes part in the deformation. 




A rotational strain occurring without change of volume is illustrated 
by the deformation of a rectangle A— B— C— D (fig. 30) into a par- 
allelogram A— B— C— D' whose base and altitude are equivalent to 
those of the rectangle. All lines parallel to A-B move parallel to it 
thrtiiigh distances proportional to their distances from A-B. It is a 
strain analogous to that assumed by a deck of cards in which each card 
has been slipped a small amount over the card next below. While 
there is differential movement between the 
(.r planes, there is no distortion in the planes them- 
' selves. The strain is equivalent t« an elongation 
and a shortening at directitms at right angles to 
each other combined with a rotation. This strain 
_ has been called "simple shear" (Hoskins, Van 

Fio.80.-DiagTBm showing „. , j u ■ ■ 'i ID I \ T> ■ ' ^u 

scission. Hise) and "scission ' (Becker). Peirce, m the 

report referred to, prefers the temi scission, 

and in the following discussion the term scission will be used. The 

plane of scission referred to on subsequent pages corresponds to the 

plane of slipping between the cai-ds in the above illustration. 

It has been proved that scission is equivalent to a pure shortening 
combined with a rotation of the body as a whole. In fig. S'A the flat- 

iVanHise, C. R., Princtpltsot Norlh Amerfciin pre-Cambrtan geology; Siiteeath Ann. Kept. r. S. 

OThomson and Tail, A Treatise on Natuiai Phllosophj-, 2d cd. 
"Becker, G. F.. Jonr. Go..!., vol. 4, 18%, p. 430. 

itYonng, Thomas, A Couisc ol Lectures on Netnral Philosophy and the Meclmnivnl Aits, London, 
2™ls., vol. 1,1807, p. 135. 
*Peirce, C. S., ManuscMpi report lo thcDirwlorot the U. S. Ueol. Survej, iw;. 
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tened ellipsoids have the position they would have if flattened by 
shortening along the direction P Q and then rotated until the line 
P Q takes the direction P' Q'. 

Given any strain ellipsoid, it is impossible to determine from the 
ellipsoid itself whether it was produced in its present position by a 





Fig. 81. Fig. 32. 

Fios. 31 and 32.— Diagrams showing equivalence of a strain ellipsoid in scission to a strain ellipsoid in 

pure shortening combined with a rotation. 

pure shortening, by pure shortening combined with rotation — by 
scission — or by any combination of these strains. For proof of this 
relation of scission to pure shortening see Hoskins.^ . 

Rotational and irrotational strain may be combined with each other 
in any proportion, and either or both may be combined with a dilata- 
tional strain. All strains may be referred to these types of strain or 
some combination of them. 

STRESS. 

Stress is the action and reaction between two adjacent parts of a 
body. When a condition of stress exists at any point in a body there 
are always three rectangular planes, upon each of which the resultant 
stress is normal. Three intersecting lines normal to these three 
planes, respectively, are called the principal axes of stress. 

The difference in the intensity of the greatest and least of the 
stresses acting on these three mutual 1}^ perpendicular planes is called 
the stress difference. 

A shearing stress is a stress acting tangentially to the plane sepa- 
rating two adjacent portions of a body between which there is a stress. 
This is always present on all planes except the three principal planes, 
unless the three principal stresses are of equal intensity and of the 
same kind. Since in any possible stress condition three rectangular 
planes through an}' given point are free from tjingential stress, any 
possible stress may be regarded as equivalent to three normal stresses 
whose directions are mutually perpendicular. 



a Sixteenth Ann. Rept. U. 8. Geol. Survey, pt. 1, 18%, pp. 862-865. 
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RELATION OF STRESS TO STRAIN. 

In isotropic material, the axes of the strain that is occurring at any 
instant are roineident with the stress axes. If the stress axes remain 
constant in direction, the total stmin will have its axes coincident with 
the stress axes; but not otherwise. Rotational strain in isotropic ma- 
terial will not occur unless the directions of the principal stresses vary. 
In irrotational strain the greatest, mean, and least axes of strain 
correspond, respectively, with the least, mean, and greatest axes of 
stress throughout the deformation. In a rotational strain the strain 
ellipsoid at anv instant is the net result of all the strains developed at 
successive stages of the deformation; it is a compromise between the 
strain ellipsoid w4iich is tending to be formed by the stresses then 
effective and the strain ellipsoids previously formed and rotated. 
Thus the directions along which elongation and shortening in the mass 
are occurring at any instant in rotational strain are not parallel to 
the axes representing the net result of all the elongation and shorten- 
ing which the mass has undergone since the deformation started. At 
any instant the tendency toward shortening is in the direction of the 
greatest of the stresses, but the accompanying rotation prevents the 
continuation of the same relation of the stress and strain axes, and 
the axis of the greatest total shortening may be at that instant at any 
angle to the greatest axis of stress or the axis of shortening then 
occurring. When deformation occurs by fracture the fractures develop 
in planes inclined to the greatest principal stress as an expression of 
shearing stresses. 

APPLICATION OF GENERAL PRINCIPLES OF RELATIONS OF STRAIN 
AND STRESS TO ROCK FLOWAGE AND FLOW CLEAVAGE. 

Knowing the relations of flow cleavage to the axes of strain in a 
rock mass, the simpler relations of flow cleavage to stress may be 
deduced. These may be considered under two heads — (1) the cleavage 
strictly pai*allel to the axes of elongation of the rock mass,- (2) the 
cleavage exceptionally inclined to such axes. 

(1) Where cleavage is strictly parallel to the axes of elongation of the 
rock mass, as it is for the most part where the structure is due te 
recrystallization, and thus in the great majority of rocks with flow 
cleavage, the term flow cleavage may be substituted for the strain it 
represents in the above statement of the relations of strain and stress. 
In other words "plane of cleavage" may be substituted for the plane 
of the greatest and mean axes of the strain ellipsoid or ''axis of cleav- 
age" (when linear parallel) for the greatest axis of strain. The rela- 
tions of flow cleavage to stress then may be stated as follows: 

During irrotational strain, flow cleavage tends to develop uniformly 
in the plane normal to the greatest principal stress, or parallel to the 
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least and mean stresses, or if linear parallel cleavage, it develops along 
the axis of least stress. 

During rotational strain flow cleavage tends to develop at any instant 
in planes or lines normal to the greatest stress or in planes or lines in 
which elongation is occurring at that instant. But the cleavage tend- 
ing thus to be formed is almost immediately rotated from its position 
normal to the greatest principal stress by variation in relative direction 
of the stress axes and strain axes, and becomes inclined to the plane or 
line in which new cleavage subsequently tends to develop. In other 
words, cleavage is at all times tending to develop normal to the great- 
est pressure in a rotational strain, but rotation constantly carries it 
from this position. Just as the total elongation of the rock mass in 
rotational strain is the net result of all the strains developed at succes- 
sive stages of deformation, so cleavage, which by observation is approxi- 
mately parallel to the final elongation of the rock mass, is the net result 
of all the strains, and its average position may be finally inclined 
somewhat to the greatest principal stress.^ 

It is probable that either dilatational strains alone or irrotational 
strains alone are of rare occurrence in a rock mass. The first of these 
requires three and the second two pairs of forces acting at right 
angles to one another with identical intensity. The common strain in 
nature is a combination of the forms of strain here called pure short- 
ening, scission, and negative dilatation. These strains may occur simul- 
taneously or at different times, or the same strains may recur severa-1 
times. But the final result in any case is a strain ellipsoid, whose axes 
have relations to stress somewhat intermediate between those above 
described for pure shortening and for scission; in other words, for 
a rotational and irrotational strain. Hence the final position of cleav- 
age is usually inclined to the axis of greatest stress of the force which 
has produced it, although tending throughout to develop normal to 
this axis. 

Given a strain ellipsoid, there is no way of determining what stages 
or manner of deformation the ellipsoid has undergone to reach its 
present configuration. Likewise it may not be certainly determined 
what combination of stress and strain conditions have been present 
throughout the development of a given cleavage, although the relation 
of cleavage to the final total strain may be known. But it is believed 
that cleavage sometimes gives evidence of variations in stress and 
strain conditions during its development. Flow cleavage is dependent 
upon the parallel arrangement of its mineral constituents. If it be 
granted that these constituents have developed during successive 

ain Iiaubr<^c'H experiment ck-avai^f was pHKluced parallel to the; elongation of the clay mass which 
was force<l through a cylinder. While thr relations of stress and strain are complex in such a case, 
there la nothing in Professor Daubree's discussion of the subject which would indicate a develop- 
ment of the parallel arrangement under any laws different from those here summarized. (Loc. ' 

Bull. 239—05 8 
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stnji^os of doforniation of the rock mass, as they undoubtedly have, 
then if the .strain has been a rotational one the particles developed at 
successive stag(\s ou<^ht to lie at slight angles to one another. The 
recrystallized particles forming at any instant with their greater 
diameters exactly normal to the pressure during a rotational strain 
are constantly being rotated from this position. The result is that 
the longer diameters or direction of growth of particles developing 
by recrystallization at any instant normal to the greatest pressure do 
not quite correspond with the longer diameters or direction of growth 
of particles developed by crystallization in preceding instants, for 
these latter have l)een rotated from the most favorable positions. This 
is believed to be the main explanation of the feathering out of mica 
lamina* diagonally against one another where there are no other rigid 
particles present to cause local variation in stress (PI. II, A, and figs. 
2, 3, 4). The fact that the diagonal lapping of mica plates against one 
another occurs around rigid particles shows it to be a phenomenon 
caused by difference in stress directions, and hence its occurrence 
where such particles are absent offers evidence of its formation under 
changing stresses. 

That cleavage by observation shows so little variation because of 
rotational strains may be due to the fact that recrystallization or granu- 
lation in later stages may have obliterated evidences of cleavage 
formed during the earlier stages of a rotational strain, or, more prob- 
ably, to the fact noted on a subsequent page that the very develop- 
ment of parallel particles by recrystallization during rotational strain 
so modities the stress conditions within the mass that the plane of 
easiest development for newly developing particles keeps up with the 
rotation to a greater extent than it otherwise would. 

Relative i^ositions of original and newly developing particles during 
deformation, — From analysis during an irrotational strain the greatest 
elongation of the rock mass is uniformly normal to the greatest pres- 
sure, and hence this is the constant plane or line of growth of newly 
developing or recrystallizing particles. In the early stages any rotat- 
ing original particles may, however, vary in position from nearly 
parallel to the greatest pressure to normal to it. It is only after the 
deformation has progressed to a considerable extent, even supposing 
the rotating particles to have considerable freedom of movement, that 
the rotating original particles formerly at angles to the plane or line 
of elongation, or what becomes the surface of rock cleavage, bring 
their greater diameters to approximate parallelism to that of the newly 
developing or recrystallizing particles in the plane of cleavage. Where 
there is considerable interference with rotation a considerable amount 
of deformation may not bring about pamllelism of the rotated particles. 

If the deformation of a rock mass is a rotational one, as it com- 
monly is, in the early stages there is likely to be the same difference 
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in .position between particles with original random arrangement and 
the plane or line of growth of newly developing or recrystallizing 
particles. But in deformation of this kind, all particles, both the parti- 
cles already present with random arrangements and the newly devel- 
oping and recrystallizing ones, are being rotated toward the plane of 
scission. Particles with original random arrangement during a rota- 
tional strain may be rotated toward the plane or line of easiest relief or 
easiest crystal growth, or away from it, depending upon the original 
position of the particles with reference to the plane of easiest growth. 
Starting with an unstrained rock, it is of interest to note that a rota- 
tional strain sufficient to produce elongation of the mass, say, at 35° 
to the plane of scission, will not rotate a particle originally normal to 
the plane of scission to such an extent as to make its greater diameters 
correspond with those of newly developing particles.'* 

Whether the deformation is by rotational or irrotational strain a 
sufficient amount of it may bring about substantial parallelism of all 
particles, new or old. 

While analysis would seem to indicate that the rielative positions of 
original and recrystallizing particles during deformation may be some- 
what as above, it is not at all certain that this is actually the case in 
the metaclasic rocks; indeed, evidence has already been adduced to show 
that evidence of the rotation of original particles is insignificant as 
compared with the evidence of recrystallization in developing a paral- 
lelism. So far as recrystallization does arrange the minerals there may 
be no intermediate stages of arrangement. There is seldom to be 
observed in cleavable rocks stages intermediate between random 
arrangement and parallelism. The parallel arrangement usually 
appears first fully developed along certain zones while the interven- 
ing zones are comparatively uiunodified, and where it thus appears, 
there is abundant evidence of its development entirely by recrystalli- 
zation. If it be true that the parallel arrangement is due largely to 
recrystallization, and that intermediate grades of arrangement, which 
the stress and strain conditions in the rock mass would necessarily 
develop from the rotation of original particles, are absent, then mere 
parallelism of the mineral constituents becomes presumptive evidence 
that the parallelism has be(»n produced by recrystallization with rela- 
tions to stress and strain above indicated. This evidence could not 
stand ])y itself were it not supported by detailed evidence discussed 
in Chapter 111. 

Effect (ff mfinKjiuehii, —The above statements are based on the 
assumption that the rock mass undergoing rock flowage and develop- 
ing rock cleavage* acts (\ssentially like a homogeneous body in itssti-ess 
and strain relations; but a rock is commonlv a lieterocreneous hodv. 



aHoHkins, L. M., Sixtoenlh Ann. Kept. U. S. (Jcol. Survey; Van HiHC, V,. K., Deformation »>' ' — *■ • 
Jour. Geol., vol. 5, 1897, p. 186. 
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and lirncr tlirn* an* minor variations in the stress and strain relations, 
un(l«»r the law stiitiMl on a preceding P*iRC that ^' in an isotropic mater- 
ial the axes of th«» strain that is CK'currin^ at an}' instant will, in 
general, ditfer indirection from the stress axes, the strain being in part 
gov(»rne.d hv the structure of the material." The general effect of 
rigid particles is to transmit stresses locally in directions normal to 
thems(»lves. Tin* mesh structure which is frequently seen around the 
peri])heries of large* particles owes its origin to the local distribution 
of stresses (;aus(»d l)v the influence of a rigid particle on the transmis- 
sion of forces. \lon\ is additional and most positive evidence of the 
development of cleavage in planes normal to the greatest stress, for it 
is evid(»nt that stresses are generally transmitted by rigid particles 
in directions normal to their peripheries. The feathering out of 
mica lamime diagonally agjiinst one another about rigid particles, as 
described on pages 25-20, is probably to be explained in this manner. 

Frequent r(»f(Mence has been made to the slicing or fracturing of 
rigid particles in planes, sonu^times intersecting, that are inclined 45° 
or thereabouts to the plane of rock cleavage conditioned by the 
parallel arrangement of the micas and other constituents (see figs. 16, 
17 and PI. XI, li). As fractures develop in shearing planes inclined 
to the principal stresses, the presence of fractures inclined to the 
rock cleavage is itself evidence of the development of the prevailing 
cleavage in planes normal to the greatest stresses. 

The influence of rigid particles in the transmission of forces during 
rotational strain is of interest: There is supposedly a rotation of the 
greater diameters of all particles, original and recrystallized, toward 
a common plane. These particles all act as transmitters of forces. 
The rotation being all in the same angular direction, the change 
in direction of transmission of pressure due to the rigid particles, 
is also all in the same direction. Hence, so far as rotation tends 
to bring about parallelism of the longer diameters of the par- 
ticles themselves, it also tends to bring about parallelism of the 
transmitted pressures in a direction more nearly normal to the plane 
toward which the particles themselves are being rotated. Particles 
newly growing under these local transmitted stresses thus tend to 
bring their longer diameters more nearly into the plane which the 
rotated particles are approaching than they otherwise would. Parti- 
cles newly developing under rotational strain are constantly being 
rotated from a direction normal to the greatest pressure of the rock 
mass, and hence from a position favorable to easiest growth, and 
because of rotation they are not parallel to the direction of growth of 
succeeding stages. But, so far as the particles themselves affect 
the transmission of forces, they tend to transmit forces such that 
newly developing particles in succeeding instants will develop in planes 
more nearly parallel to their own rotated planes than they otherwise 
would. For instance, suppose the longer diameter of a newly devel- 
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oping particle in fig. 33 to have the position AB in a rotational strain. 
At a later period the longer diameter may have the direction A'B'. 
If the stresses remain constant in direction, the plane of easiest growth 
still remains more nearly parallel to AB than to A'B'; in other words, 
the particle has been deflected from a position most favorable to its 
growth under the given stress conditions. But the rotating particle 
itself influences the direction of the transmission of stresses, with the 
result that a particle CD, newly developing under the influence of such 
local stresses, would tend to take a position not parallel to AB, but 
more nearly parallel to A'B'. This is made clear by simple resolution 
of forces. Rn, the transmitted normal component of the principal 
stress is proportional to the cosine of the angle a. When the angle a 
is 90°, this component becomes zero. When the angle a is zero, the 
component R^ has the full intensity of the unresolved force. 








Fig. 33. — Diagrams illustrating rotation of particle during rotational strain and the resulting in 

change in direction of transmitted stresses. 

W here the rock mass is made up of many rigid particles their influence 
may be of considerable importance in keeping newly developing parti- 
cles in the plane of rotated particles previously present or developed. 

A special case of the influence of rigid particles exists where the 
particles have a previous parallel arrangement. The deflection in 
direction of transmission of pressure will be uniform, and any newly 
developing cleavage may be uniformly in planes somewhat inclined to 
those of ordinary development of cleavage in a homogeneous rock 
without a previous parallel arrangement. Discussion of the relations 
of cleavage to previous parallel structures is made on pp. 151-152. 

(2) Where the flow cleavage is due largely to granulation or slicing 
and the longer diameters of the mineral particles are uniformly, 
though slightly, inclined to the axes of elongation of the rock mass, 
the relations to pressure may exceptionally be somewhat different from 
those above cited. The fractures are the result of shearing stresses 
inclined to the greatest normal stress (pp. 111-112), and the carving of 
parallel grains in situ by the kind of fracturing known as granulation 
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or sliciiitr, causes a cleavage* which can be said to have developed in 
shoariii«r plaiuvs inclined to th(» greatest pressure. The cleavage of 
tlie d(»fornicd anorthositc* d(»scrihed by Adams (p. 37) may be partly 
formcKl in this way, and many rocks, as noted in Chapter II, show 
evidence of such devclopnuMit in certain minenils. Fig. 13 represents 
an unmashod anortliosite, and tig. 14 its mashed equivalent. The elon- 
gated fchls])ar particl(»s in tig. 14 are clearly the result of carving in 
situ })y th(» process of granulation or slicing along the sides. All 
stages of the pro(M\ss may be observed in the rock mass. That granu- 
lation or slicing does not occur in planes normal to the greatest 
pressure, but is uniformly in planes inclined to this pressure, is a 
wc^ll-established principle of mechanics, and hence we may conclude 
that the elongated particles of feldspar seen in fig. 14 may be really 
carved in situ in shearing planes and lie essentially in shearing planes 
of th(» rock mass. On this explanation the longer diameters of the 
particles can not be parallel to the elongation of the rock mass repre- 
sented ])y CC in tig. 14. To bring about the deformation shown in fig. 
14, it is not necessary to assume that the movement was entirely par- 
alh^l to AA, for the same result may have been brought about by a 
movement parallel to BB, and in any given case it is practically impos- 
sible to tell what combinations of strain have occurred. 

It has been shown (pp. 31 and 37) that as a result of granulation and 
slicing in intersecting planes at low angles to the greater strain axes 
of the rock mass residual grains may lie with their longer diameters 
essentially parallel to these axes — in other words, parallel to the pre- 
vailing cleavage. Such cases are covered by the general statements 
under (1) above. 

Summainj, — Commonly flow cleavage has been developed both by 
recrystallization and by gi*anulation or slicing; recrystallization of cer- 
tain minerals and granulation of others close by, in which case the par- 
allel arrangement developed by recrystallization is mainly in planes 
normal to the greatest pressure as in (1) pages 112-117, and the parallel 
arrangement developed by granulation or slicing is developed in shear- 
ing planes as in (2) pages 117-118. In the early stages the inclination 
of the parallel structure f onned by fracturing to the parallel structure 
formed l)y recrystallization is apparent (p. 38), and this deviation is 
excellent evidence of the truth of the conclusion that fljow cleavage 
may be developed both in normal and shearing planes. 

The fact may again be emphasized that the parallel arrangement 
caused in indirect planes by granulation and slicing is a subordinate 
and exceptional phenomenon as compared with that developed by 
recrystallization, and even where present frequently causes only a 
local variation of cleavage from planes conditioned by arrangement of 
crystallized particles ; hence flow cl ea vage is for the most part developed 
in planes normal to the greatest pressure, and in but small part in 
shearing planes inclined to the greatest pressure. 
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FRACTURE CLEAVAGE, COMPARISON WITH 
FLOW CLEAVAGE, SUMMARY STATEMENT 
OF CAUSES AND CONDITIONS OF SECOND- 
ARY ROCK CLEAVAGE. 



CHAPTER I. 

FRACTURE CLEAVAGE. 

Fracture cleavage may be defined as a cleavage dependent for its 
existence on the development of incipient parallel fractures or actual 
fractures which by subsequent welding or cementation remain planes 
of weakness. It is obvious that the development of such a structure 
is confined to the zone of "rock fracture." Rocks may be fractured 
along parallel planes quite independently of any arrangement which 
the mineral constituents may have, and the fractures may be cemented 
by infiltration of foreign material, by crystallization of new minerals, 
and by recrystallization of adjacent minerals, or may be welded by 
bringing adjacent minerals by compression under bonds of molecular 
attraction. After welding the rock may still have a capacity to part 
along such planes more easily than along others, which capacity by 
our definition is truly a cleavage. Such cleavage has been variously 
called in its different aspects false cleavage, close-joints cleavage, 
strain-slip cleavage, fault-slip cleavage, ausweichungs cleavage, rift, 
and fissility. All of these terms may not have quite this significance, 
as will be shown below, but they have been used to designate struc- 
tures essentially developed as above stated. The reader will doubt- 
less recall many instances of (juarry rocks, apparently massive, which 
on the stroke of a hammer break along definite planes nearly or 
quite independent of any parallel arrangement of the mineral constit- 
uents that may be present. In the ancient crystalline rocks it is not 
uncommon to find apparently solid graywackes and slates which bi-eak 
into polygonal or rhomboidal hlock.s along weakly cemented or incip- 
ient planes of fracture int(M-secting one another at uniform angles. 
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This may not he apparent in the solid ledge, but becomes apparent 
on weathering or when artilicially broken. Cleavage of this kind is 
oft*n excellent; the planes of parting arc smooth, even, and con- 
tinuous for some distance. A distinctive feature is its intermitted 
character, liy which is meant its oontinement to certain deliiiite 
pknea separat^^d by considerable thicknesses of rock which show no 
tendency to cleave. Another distinctive feature is its presence in 
two or more int«r.secting planes rather than one plane. It is appar- 
ent that such cleavage may be present in rocks both with and with- 
out pai-allel arrangement of the mineral constituents, and in the 
former case it may occur either parallel to the longer diameters of 
the mineral constituents or at any angle to them. Where parallel to 
the mineral arrangement it is practically indistinguishable from flow 
cleavage (pp. 130-133). In other cases there is little difficultv in dis- 
tinguishing the two. (See Pis. XVII-XXIII.) 

Many illustrations might be cited 
of closely spaced parallel slips along 
one or two sets of planes which have 
been cemented or welded, forming a 
fracture cleavage. The stmcture 
described by Sorby (p. 17) a.s 
" close -joints cleav^e" is for the 
most part so developed. The cem- 
etitation of any of the widespread 
structnres which Van Hise (p. 
17) has called fissility, yields a ca- 
pacity to ]>art# which comes under 
this bead. PI. XVIII, _ff illustrates 
a marble which has been sliced into 
thin parallel layers, the rubbing 
[lOT Dale '*'"^'*"^' ^I'^i'tC ^^^ fractures being followed 
by the development by reerystalli- 
zation of new mica and chlorite, cementing the rock and giving it a 
fracture cleavage Dale" figures an excellent example of this struc- 
ture m closely spaced planes. The so-called "false cleavage" is usu- 
all) the result of closely spaced, parallel, overthrust folds grading 
into mmute faults crossing a previously developed flow cleavage.* 
(See PI XIV. £ ) The " ausweichungs cleavage" is a name applied 
to a smiilar structure caused by the development of minute overthrust 
folds passing into faulting. (See Pis. XX, XXI.) Slip cleavageand 
strain-slip cleavage are for the most part other names for phenomena 
of the sorts above described. 
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The rubbing along fracture planes incidental to the development of 
fracture cleavage frequently and usually results in slickensides or the 
development of parallel arranged minerals, such as chlorite and mica, 
and these may cement the partings. These minerals are clearly the 
lOvSult of recrystallization, and may be supposed to develop in the 
same manner as flow cleavage during a rotational strain or scission; 
that is, to develop in normal planes, but to be rotated almost at once 
toward the plane of scission, which in this case is the plane of the 
fractures. It may be said, then, that one of the incidental results of 
the development of fracture cleavage is a parallel dimensional arrange- 
ment of the mineral particles. This parallel arrangement, however, 
affects only a minute film of the rock along the parting planes, and 
ma}^ have no connection with the texture of the minerals in zones 
intermediate between the fractures. If the fractures be closely enough 
spaced it might happen that nearly all of the constituents of the rock 
might be arranged with their longer diameters parallel as the restdt of 
the rubbing along fracture planes, but it is argued on a subsequent 
page that very closely spaced planes of fracture are very exceptional 
and local, except where secondary to a previously developed flow 
cleavage, and that it is doubtful whether such fractures are ever 
closely enough spaced, independent of any previously developed 
parallel structure, to develop a parallel arrangement of the mineral 
particles comparable with that shown in fissile schists or slates. In 
practice there is certainly little difficulty, with few exceptions, in 
distinguishing the parallel arrangement developed as a result of rub- 
bing along shearing planes from the parallel arrangement developed 
in normal planes and effecting all the constituents of the rock. 

RELATIONS OF FRACTURE CLEAVAGE TO STRESS. 

The relations of fracture cleavage to stress and rock deformation 
are different from those of flow cleavage. In the latter the parallel 
arrangement of the mineral particles, and hence the cleavage, is 
developed in planes or lines essentially parallel to the elongation of 
the rock mass. In the former the cleavage is developed in planes 
inclined to the elongation of the rock mass. 

In any distortional strain there are necessarily shearing stresses in 
planes inclined to the greatest pressure. These do not receive expres- 
sion unless there is fracturing, but whether or not there is fracturing 
the elongation of the mass at any instant is normal to t^je greatest 
pressure. If fractures occmr in irrotational strains, these follow inter- 
secting planes approximately 45^ to the greatest pressure — planes of 
greatest tangential stress. This angle varies somewhat with the nature 
of the substance and the stress coiiditioiis. With a su))stance not ideally 
brittle it is probable that this angje is somewhat more than 45'^ to the 
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^reatcdt pressure." With brittle mibatanc&s the angle is probably less 
than 45 .* When' tin- two lesser stresses are equal, conchoidal frac- 
tuivs arc produced Mtich as occur in ordinary building stone tests. 
The displacement of the fractured parts result» in elongation or short- 
eninjf of the mass in such manner that the axes of the strain for the 
IxhIv a-s a whole, if it be still considered as a unit, have the same rela- 
tions U\ pressure as those above stated for flow cleavage. 

if fracturing o<-«^urs in rotational strains the fractures are in an 
intersecting set in such a 
position that the line of 
greatest pressure inter- 
sects the obtuse angles 
made by the fissures, and 
makes a smaller angle 
with the short side of the 
parallelogram of cracks 
bounding the colunm of 
rock than with the long 
side.'' However, as in 
the case of irrotational 
strain, the displacements 
following tfie fracturing 
are such as to elongate 
and shorten the mass in 
the manner just indicated. 
While in rotational 
strain the fractures may 
develop in two intersect- 
ing planes, they are likely 
to show differences in these two planes. If the rectangle a-b-c-d in 
fig. 35 be deformed to the parallelogram e-f-g-h in fig. 36, two sets of 
fractures will be formed, but in the direction e-h, there is compression, 
and the rubbing along the fractures parallel to e-h produces sUcken- 
sided surfaces, while along the dis^onaly^c/ there is actual stretching 
of the materitd with the formation of cracks, and further defoi-mation 
occurs more easily by the widening of these cracks than by the 
formation of new ones. The result is a fewer number of cracks 
normal to the longer diagonal of the rock mass than parallel to it. 
The curving of the fractures along the longer diagonal, shown in 
the figure, is due to the control and adjustment between bedding 
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planes, which in this case me assumed to be more numerous on the 
outside of the layer. 

The intcnuitted character of the f i-acturc cleavage is a eharacteristic 
phenomenon of fractures in homogeneous rocks, Hoskins," from an 
analysis of the mechanics of the problem, has concluded that closely 
s]»aced pamllel fractures probably do not form through considerable 
volumes of a homogeneous rook with no previous parallel structure, 
no mattc^r what the nature of stram , and that the extensive de\ elopment 
of closely spaced parallel frattuies munt have been londitioned by 
some previous parallel mineral ariangtment which has controlled the 
directions of fracture. In this Hoskins is followed bj Van Hise,* 
who concludes from field observation that h^silit} developing in sbeai 
ing planes is usually secondarj to cleavage which develops in normal 
planes, although locally a fine tissibt} ma> develop independently of 
cleavage. If the stress con- 
ditions are such that the rock 
may yield by fracture, it does 
so along afew separated planes 
inclined to the greatest pres- 
sure, under the laws above 
noted. Xhese planes once 
formed, further adjustment to 
pressure is easier by displace- 
ment along SLich planes than 
by the formation of new frac- 
ture planes. After there has 
been as much displacement as 

. . , . Fia ?7— Fracture cleavage utter fi-«il Ii m beddcil 

pOSSlltlt; in the readjustment, roclu Rlionmi; nppli mlon of pnnc pi s Ulu trotted 

the stresses may again accumu- '" ''"'' ^ ""'' ^ 

late so that the fractui-ed parts aie again frmrtured, but, owing to the 
displacement which they have undergone, the later fractures may not 
be quite parallel to the earlier ones. This is illustrated on a small scale 
by the fractures to be observed in granuhiUoii, While in the early 
stages of the fi-acturing of a given mineral particle belonging to one 
set in an intersecting system the fi-actures are approxitiiately parallel, 
ill later stages they are in any possible direction. 

On the other hand, Becker'" has maintained that |jaiiillel and closely 
sptu'cd planes of weaknes.s or fractiinw may and do develop independ- 
ent of a previously existing armngemont of the mineral particles, the 
closeness of the s)Hi<'irig depending upon the wave length of the impulse 
pro<luciiig the fniclure. 

alloskliw, L. M„ Kl.iiv Hml fratlur.! ■.{ r<«>k«r SUtii^ntli Ami. Kt|il, r, S. (Iml, Hurvty. pt, 1, 1*,M1. 
P.W3. 

*Van Hilw, C. K., l"i1ncLpk>« iif i.r.-CjiiiilirlHii «!■! ili .Ky i SlxHiiilli Arm. Hi>|>t. (!. S. Ik-.l. Survey, pi- 
1. 18»lt, pi>. OhR-f.. 

oBccli'-r, II. F,, Kiiilto lii.miiK>'ii>-"™ I'lniiii, tlim. »ihl riiplim- ul rinks: Hull, Ocul. »— ■— rl™, 
vol. 4, 1S96, p. It. 




124 BOCK CLEAVAGE. [bull.239. 

There is piuctical agreement that closely spaced parallel fractures 
may and do develop, but there is not agreement as to causes or rela- 
tive importam^e of the structure. Van Hise, on the one hand, main- 
tains that such parallel fractures are for the most part easily discrim- 
inated from flow cleavage; that the structure has not been developed 
independent of a preexisting cleavage over any great area comparable 
in size to that in which original flow cleavage may be observed; and 
that the common development of this kind of structure is in planes some- 
what separated by zones of noncleavable material. Becker, on the 
other hand, holds that closely spaced parallel fractures independent of 
any preexisting parallel arrangement do actually develop over wide 
areas; but when we remember that he regards flow cleavage, as well as 
fracture cleavage, as a structure developed in this way, the statement 
can not be set against that of Van Hise, for, as the present paper 
attempts to show. Van Hise and Becker are discussing diflferent phe- 
nomena. An examination of the litemture on the subject makes it clear 
that the cleavage variously called false cleavage, fault-slip cleavage, 
slip cleavage, ausweichungs cleavage, straiurslip cleavage, and rift, 
here grouped together under the term fracture cleavage, in a great 
majority of cases is a structure affecting well-separated planes with 
intervening zones of noncleavable material, and that only in excep- 
tional instances and for limited areas does it occur in planes as closely 
spaced as the planes of flow cleavage and show external similarity to 
flow cleavage. From the observations which the writer has been able 
to make })oth in the field and laboratory, it seems doubtful whether 
fracture cleavdge ever develops in planes as closely spaced as the 
planes of flow cleavage, as this is typically developed in slates and 
schists. Certainly by far the greater number of structures classed 
under the head of fracture cleavage show an intermitted character 
easily distinguishable from the closely spaced planes of parting of 
flow cleavage, and the statement is a safe one that fracture cleavage 
usually affects more widely separated planes than flow cleavage, and 
perhaps never affects planes so closely spaced as those of the most 
fissile slates or schists. . 



CHAPTER 11. 

COMPARISON OF FRACTURE CLEAVAGE AND FLOW CLEAVAGE. 

Certain features of similarity and difference between fracture cleav- 
age and flow cleavage have been already discussed, but they may be 
repeated as introductory to further considerations. 

Fracture cleavage is conditioned by incipient parallel fractures 
or by the cementation or welding of parallel fractures, and the 
parallel arrangement of mineral constituents is in no way essential, 
although it may have been previously present or may be developed 
along thin films as a result of the rubbing along the parallel fractures. 
The planes of parting may be smooth and even, and may be equally 
good in two or more intersecting sets. They are commonly well 
separated by zones of noncleavable rock, but locally may be very 
closely spaced. The structure is developed in shearing planes inclined 
to the greatest pressure, under the normal conditions and laws of 
fracturing, in the portion of the lithosphore which Van Hise has called 
the zone of fracture. 

Flow cleavage is always conditioned by the parallel arrangement of 
the mineral constituents, and is good in proportion to the excellence 
of the arrangement, the degree of the inequality of the axes, the 
arrangement of the mineral cleavages, and other features, as shown in 
Part I. The planes of parting are many and closely spaced, being 
separated only by the mineral particles or even by the cleavage plates 
of the mineral particles. The parting is usually parallel to one plane, 
but rarely in two or more intersecting planes, and in such cases one 
is far better than the other. The structure is developed in planes 
or lines parallel to the greatest elongation of the rock mass, usually 
with the same relations to pressure that the elongation of the rock 
bears. Flow cleavage is developed under conditions and laws of rock 
flowage in the deep-seated portion of the lithosphere which Van Hise 
has called the zone of rock flowage. The processes of recrystalliza- 
tion, granulation, and rotation are effective in flow cleavage, and not 
in fracture cleavage. The development of flow cleavage is accom- 
panied by a diminution of volume through the development by recrys- 
tallization of minerals with higher specific gravity, a feature in which 
it differs from fracture cleavage, the development of which causes 

little change m the density of the rock. 
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EXPLANATIONS OF FLOW CLEAVAGE MAY NOT APPLY TO 

FRACTURE CLEAVAGE. 

This is a self-evident proposition which scarcely needs discussion. 
Flow cleavage is })y definition a cleav^age conditioned by the parallel 
arrangement of the mineral constituents, and the causes of this 
arrangement are the causes of flow cleavage. Fracture cleavage is 
quite independent of a parallel mineml arrangement, except where 
superposed upon a preexisting flow cleavage, and hence the conditions 
and causes bringing about the parallel arrangement of mineral con- 
stituents are not processes and causes of fracture cleavage. Where 
fracture cleavage is superposed upon a previously existing flow cleav- 
age the parallel arrangement of the constituents may have a strong 
modifying influence on the newly developing fracture cleavage, but 
the causes of the parallel arrangement can scarcely be said to be a 
cause of fracture cleavage; were the previous cleavage not present 
the fracture cleavage would develop, though perhaps not quite so 
readily or in the same planes or in planes so closely spaced. Again, 
the development of fracture cleavage may be accompanied by the rub- 
bing of the sides against one another, developing slickensides or a 
parallel arrangement of the minerals in films adjacent to the fractures. 
The parallel arrangement in the films is probably developed largely 
through recrystallization as in rock flowage; indeed, the films may be 
said to have undergone rock flowage. Such a parallel arrangement is 
in no way essential to the existence of cleavage along the fracture 
planes; the welding of the fractures would yield a fracture cleavage 
as certainly if the parallel arrangement were not there. 

EXPLANATIONS OF FRACTURE CLEAVAGE MAY NOT APPLY TO 

FLOW CLEAVAGE. 

The reverse proposition that the explanation of fracture cleavage 
may not apply to flow cleavage is one of the essential points of this 
paper. King,^' in 1875, emphasized the excellence of rock cleavage 
produced by the regelation of parallel joints, and showed that it pos- 
sesses features in common with ''slaty cleavage," supposedly due to 
parallel arrangement of the mineral constituents. He went still 
further and maintained that slaty cleavage itself is a close joint 
phenomenon, and that any parallel arrangement of the mineral con- 
stituents is merely an incidental phenomenon. Becker,^ on a basis 
of experiment and mathematical analysis of the relations of stress 
to strain, has been positive in the statement that cleavage is not 
necessarily dependent upon the parallel arrangement of the minei*al 
constituents, but can be induced as well in a homogeneous rock (a rock 

a See discussion and references, pp. 14-15.. 
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without discrete particles) as in a heterogeneous rock, thus impl} ing 
that secondary cleavage in general may not be conditioned or caused 
by the parallel arrangement of the minerals. Doctor Becker recog- 
nizes the existence of a parallel arrangement of the mineral constitu- 
ents in most cleavable rocks, but insists that this arrangement is 
incidental to rock cleavage, and is one of the results, not a cause or an 
essential condition. He maintains that cleavage is a capacity to part 
along certain planes along which the rock has been strained almost, if 
not quite, to the breaking point, giving it a weak cohesion along such 
planes, and that the development of a parallel arrangement of the 
longer diameters of the mineral constituents is possible only along and 
because of planes so formed, these furnishing directions of easiest 
relief. 

It is here held that Doctor Becker's theory of the development of 
cleavage in shearing planes, which he applies to cleavage in general, 
applies only to what is here called fracture cleavage, and to this only 
with the moditication that the parallel development of mineral constit- 
uents along shearing planes occurs as a result of actual rubbing after 
fracture has occurred rather than in planes of weakness along which 
no fracture has occurred. It is held also that Doctor Becker's theory 
will not apply to the structure here called flow cleavage, which is 
dependent on and conditioned by a parallel armngement of mineral 
constituents, developed for the most part quite independently of shear- 
ing planes. 

If Doctor Becker's view is the correct one, and the parallel arrange- 
ment of mineral constituents is a mere resulting incident and not a 
cause, then there would be no good reason why there should be any 
relation between the nature or excellence of the cleavage and the 
arrangement and shape of the particles themselves. The fact that 
there is this close dependence is shown by the following facts: 

Flow cleavage always follows either the mineral cleavage or the 
peripheries of the mineral particles, or both. 

The excellence of the flow cleavage varies directly with the degree 
to which the dimensional axes of the mineral particles approach paral- 
lelism. 

The excellence of the flow cleavage varies directly with the degree 
of arrangement of the mineral cleavages. 

The shape and dimensions of the particles in a rock with flow cleav- 
age are always uniform and characteristic for minerals of the same 
kind, and thus not determined by the form of any preexisting plane or 
line of weakness. 

Where a parallel arrangement of the mineral constituents is absent 
throughout the body of the rock anv cleavage which may be present 
has the definite and distinctive characteristics above described for 
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fracture cleavago, whicli an* (|uit(» different from characteristics of 
How cl(*avag(». This is in its(»lf sufficient evidence that the parallel 
arrangement of mineral constituents in some way affects the nature of 
rock cleavage. 

It is known that the parallel arrangement of mineral constituents is 
develo[)ed under conditions of rock flowage, a process which, by obser- 
vation and definition, occurs without fi'acture, and there is positive 
evidence, stated in Chapter 111 of Part 1, that the parallel arrange- 
ment of mineral particles in flow cleavage has developed by processes 
entin»ly adecjuate to develop this pai'allel arrangement without the aid 
of previously existing parallel fractures. 

It will be shown (Part 111) that original cleavage presents analogies 
to flow cleavage. There can be no question that the parallel arrange- 
ment of minerals is the cause of original cleavage, and there can, fur- 
ther, be no (Question that this parallel arrangement is not determined 
by preexisting fractures in planes of weakness. 

Hence, it is concluded that the parallel arrangement of mineral par- 
ticles, far from being an incidental result of the development of cleav- 
age is itself the fundamental condition for flow cleavage, by which is 
meant the structure, such as slatiness or schistosity, which is ordinarily 
referred to as cleavage. 

That flow cleavage does not develop mainly in shearing planes in the 
manner of fracture cleavage is held to be shown by the parallelism of 
the longer diameters of the mineral particles and hence of the cleavage 
to the principal axes of elongation of the rock mass as a whole, evidence 
of which is presented in Chapter V, Part 1. In this the writer only 
follows most other investigators of the subject. Doctor Becker would 
contend, because of the amount of shortening which the rock mass 
has undergone, that the longer diameters of the particles, developed 
according to his theory, would frequently incline so little to the prin- 
cipal axes of elongation of the rock mass that this inclination would 
be overlooked, and that the minute inclinations actually observed 
between different particles in a cleavable rock are explained by their 
development in inclined planes. It is believed that these slight varia- 
tions, which are unquestionably present, have a subordinate effect upon 
cleavage (p. 118), and may be partly explained by local variations in 
stress because of the heterogeneity of the rock (pp. 106-108) and that 
the variations are too irregular to be explained by Doctor Becker's 
hypothesis. 

Further, according to mechanical analysis by Hoskins,* it may be 
doubted whether closely spaced fractures or planes of weakness, 
required by Becker's theory, form in a homogeneous rock independ- 
ent of a previouly existing parallel arrangement, and the observed 
— . . 1* 

aHoskins, L. M., Flow and fracture of rocks as related to structure: Sixteenth Ann. Rept U. S, 
Geol. Survey, pt. 1, 1896, pp. 845-874. 
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facts intensify this doubt. Any cleavage and resulting parallel 
arrangement thus developed is likely to be in well-separated planes. 
The parallel arrangement of flow cleavage affects all of the constitu- 
ents in all planes, is not confined to separated planes of parting, and 
shows no evidence of actual rubbing (except when followed by subse- 
quent fracture cleavage). 

Doctor Becker* has described the artificial development of cleavage 
in the flattening of ceresin cylinders and has held this cleavage to be in 
shearing planes. Unfinished experiments of a similar nature, begun 
by Doctor Becker and the writer jointly, do not seem to the writer to 
show the parallelism of cleavage to shearing planes. Indeed, the 
flattened cylinders of ceresin cleave directly parallel to the flat sides, 
with only such minor variation near the edges as would be explained 
by the inclined stresses developed there through the compounding of 




Flu. 38.— Diagram showing the the(M*eticaI position of strain ellipsoids in quadrant of ceresin block 
flattened between two plates vrith friction between quadrant of ceresin block and plates. After 
Becker, Bull. U. S. Geol. Survey, No. 241, PL III, fig. 11. 

the normal stress flattening the mass and the inclined stress developed 
by friction of the mass with the plates confining it. The theoretical 
positions of the flattened strain ellipsoids in such a deformed disk are 
shown in fig. 38. The cleavage developed by splitting the plates 
seems to be absolutely parallel to the longer diameters of the strain 
ellipsoids as drawn in the figure. Furthermore, when shavings of 
the ceresin are examined it is found that it is not homogeneous, but is 
flecked with minute bubbles or cavities, which in the flattened disk 
have their axes parallel to the flat sides of the disk, to the strain ellip- 
soids as drawn in the figure,* and to the plane of cleavage developed 
by splitting the disk. These minute flattened air bubbles are appar- 
ently planes of weakness which control the cleavage of the mass in 
the same manner as miiuite parallel mineral flakes might control it. 
Because of these minute planes of weakness the experiments with 
ceresin apparently have no value in showing that a cleavage may be 
developed in a strictly homogeneous substance independent of any 
pamllel arrangement of the mineral constituents. 

a Bull. Geol. Soc. America, vol. 4, 1893, pp. 81-83; Bull. U. S. Geol. Survey No. 241, 1904. 

ftThe photographs of cleaved ceresin disks on PI. IV of Doctor Becker's bulletin seem to the 
writer fully to confirm the conclusions above reached. The crescentic breaking at the edge of the 
cake described as following the shearing planes according to his diagram, fig. 14 of PI. IV, correspond 
equally well to the longer diameters of the strain ellipsoids shown in fig. 11 of PI. III. On either 
theory crescentic parting must appear whenever the cleavage occurs on one side or the other of the 
medial plane of the disk parallel to the flattened sides, the only difference being that in one case the 
crescent-shaped edge of the disk bends away from the medial plane and in the other toward it. 

Bull. 239—05 9 
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On Doctor Becker's theory the cleavage ought in the centre of the 
disk to be in two intersecting planes considerably inclined to the flat 
surface of the disk. The observed cleavage actually runs through 
this portion of the disk readily in one set of parallel planes without 
change of direction other than a gentle curving parallel to the longer 
axes of the strain ellipsoids, as in fig. 38. 

When a perfectly homogeneous substance is deformed by irrota- 
tional stress, under Doctor Becker's theory cleavage would tend to 
develop equally well in closely spaced intersecting planes. Cleavage 
equally good in two sets of very closely spaced intersecting planes 
has not been observed. If such planes are prerequisite to parallel 
arrangement of the mineral constituents, how shall a newly develop- 
ing particle act at the intersection of these planes? 

The same argument would apply in a rotational strain, although the 
planes of weakness developed along shearing planes would be mainly 
concentrated in one set and those in the intersecting set would be few 
and far between. 

It is therefore concluded that secondary cleavage includes two dis- 
tinct phenomena, here called fracture cleavage and flow cleavage, 
developed under different stress conditions, the one developing essen- 
tially in shearing planes and entirely independent of a parallel arrange- 
ment of the mineral constituents, the other developing essentially in 
normal planes and dependent for its existence on the parallel arrange- 
ment of the mineral constituents, and that any explanation of secondary 
rock cleavage, which does not take account of these distinctions, but 
treats cleavage structure as a unit, is sure to lead to confusion. 

SUPERPOSITION OF THE TWO STRUCTURES AND GRADATIONS 

BETWEEN THEM. 

As already noted, a rock in which fracture cleavage has developed 
(with, perhaps, incidentally and subordinately a slight tendency to 
parallel arrangement along slip fractures) may be brought under con- 
ditions favorable for the development of rock flowage, and a parallel 
arrangement of all the mineral constituents may develop, either parallel 
or at any angle to the previously existing fracture cleavage. The proc- 
ess of rock flowage being essentially through recrystallization, evidence 
of preexisting cleavage is likely to be obliterated, but in intermediate 
stages the fracture cleavage may remain. Instances may be cited of 
rocks which have been broken up into parallelepiped blocks by frac- 
tures ill two intersecting sets of planes, these cemented, yielding a 
fracture cleavage, and the whole then strongly compressed, the inter- 
secting planes of fracture cleavage being brought nearly into parallel- 
ism. On weathered surface erosion may work down along the fracture 
cleavage planes, leaving the intermediate areas protruding like pebbles 
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in a mashed conglomerate. Indeed, a rock of this sort shows very 
close similarity to a mashed conglomerate, and in many cases, as in 
the acidic porjihyries of the Vermilion Iiake district of Minnesota, can 
be distinguished from true conglomerates only by the most careful 
observation. They differ from the true conglomerates in that pebbles 
and matrix show no variety; in that the pebble-like forms are nearly 
all the same size; and, finally, in that the planes of fracture cleav^e 
intersect at acute angles around the ends of the pebbles, whereas in 
the true conglomei-ate deformed by rock fiowage the cleav^e, indi- 
cated by the longer diameters of the parallel -arranged mineral parti- 
cles, docs not intersect at the ends of the pebbles. King" supposed 
all cleavage to develop in this way by the compression of divisional 
fracture planes into substantial parallelism. 

It is difficult to judge of the effect of fracture cleavage in determin- 
ing the plane of newly developing flow cleavage, but it is likely that 
it has little effect, for during rock flowage the conditions of pressure 




are such that there is little opportunity for movement along shearing 
or fracture plane.s; the rock is elongated without regard to the exist- 
ence of a previous fracture cleavage, and hence the parallel arrange- 
ment of the mineral constituents is developed without regard to the 
previous arrangement. 

When flow cleavage comcw under conditions of fracture we maj' 
have a fracture cleavage superimposed upon the flow cleavage, either 
parallel or inclined to it (tig. 3!( mid Fls. XXII, XXIII), and in this case 
the previously existing flow <-lc!iviige has a very marked effect on the 
position of the newly de\eli)piiig f i-acture clea\'age. If the rocks were 
homogeneous the fractures would develop along intersecting planes of 
niaxiniuni shear, Imt tlie rock being already possessed of flow cleavage, 
the tendency is for the fi-actures to follow the cleavage planes already 
present, even if they are considerahlj' inclined from planes of maximum 
shearing stress. Frai'ture cleavage is also likely to develop mainly in one 
plane parallel to the lamina; of a previously existing flow cleavage i-ather 
than along two or nir»re intersecting planes, although the latter also 
occurs. As nlri'iuly noted, it is believed that a previously existing 

- Trans. UujbI Iriab Acad., vol. 25, IBJo, jip. •M^^l. 



132 



ROCK CLEAVAGE. 



imnillpl arraDgemeDt fui-nishes the coDclitioDS under which closely 
tijmiwl jmrullel fnu-tures ordinarily develop. 

Evidouce of slipping along the greater diameters of parallel- 
arranged particles in rocks with flow cleavage is often observed, and 
it is perfectly evident that such slipping is controlled largely by the 
parallel arrangement, and that the jjarallel arrangement ia in no wise 
de[)endeiit upon the slipping, although it may be somewhat modified 
or emphasized by it. The cleavage in such a case is conditioned pri- 
marily by the parallel dimensional arrangement of the mineral constit- 
uents, and the additional episode of slipping parallel to such flotv 




FiQ. 40.— Fracture clcaToge croffilae flow cleavage. After Dale. 



cleavage is a modifying condition rather than a primary cause of frac- 
ture cleavage, ■whi<;h, if the flow cleavage had not been present, would 
develop, perhaps not so readily and in different planes. As a matter 
of observation, it is believed that it is practically impossible to tell in 
many cases whether or not flow cleavage has been followed by the 
development of parallel fracture cleavage. 

False cleavage, fault-slip cleavage, slip cleavage, strain-slip cleav- 
age, rift, and ausweichungs cleavage may all in part represent frac- 
ture cleavage superposed upon flow cleavage (Pis. XIV, £ and XX), 
although the previous existence of a flow cleavage is not necessary. 
These structures characteristically develop along well - separated 
planes, and are frequently followed by the rubbing of the parts and 
the development of new minerals parallel to the fractures. 
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The so-called ''grain" of slates may be in some cases the result of 
the superposition of fracture cleavage on flow cleavage; at least a 
structure so developed has sometimes been called grain, but it is 
believed that for the most part it is due to weakness along the plane 
of the greatest and least diameters of parallel-arranged particles, and 
is a structure present in all rocks in which there is a good tri-dimen- 
sional parallelism of the mineral particles. 

As folding and jointing or faulting may occur side by side, due 
to many varying conditions, though ordinarily developing in differ- 
ent zones, so we may have fracture cleavage and flow cleavage devel- 
oping side by side, often with the most intricate relations. Fold- 
ing commonly passes into faulting or jointing, and flow cleavage grades 
into fracture cleavage. In a given case rt is frequently diflScult to tell 
where one kind of cleavage begins and the other ends. PL XX, A 
illustrates a "fault-slip" cleavage. The layers of the rock have been 
minutely crenulated, and the folds have passed into minute fault-slips, 
the cementation of which by recrystallization of new minerals parallel 
to the slips has given a capacity to part along separated fault planes 
which is here defined as fracture cleavage. There has apparently also 
been developed a flow cleavage parallel to the axes of the minute folds, 
and it is exceedingly diflScult to tell where the fracture cleavage ends 
and the flow cleavage begins. 



RELATIVE IMPORTANCE OF FRACTURE CLEAVAGE AND FLOW 

CLEAVAGE. 

It is very apparent from the above discussion of fracture cleavage 
and flow cleavage that they are correlative phenomena developed 
under different conditions. Flow cleavage is the better cleavage of 
the two in that it allows of closely spaced planes of parting, whereas 
fracture cleavage does not, and flow cleavage also is the kind which 
appears in rocks which we ordinarily associate with the term cleavage. 
The cleavage parallel to the longer diameters of particles in slates, 
phyllites, and schists is flow cleavage, and it is not necessary to argue 
that this structure is far more conspicuous, widespread, and charac- 
teristic of what are ordinarily thought of as cleavable rocks than 
the fracture cleavage developed in planes inclined to the longer 
diameters of the parallel minerals. Indeed, many writers use the 
term parallel arrangement of mineral particles and rock cleavage 
as essentially synonymous. Because of its manner of development 
flow cleavage obliterates evidence of previously existing fracture 
cleavage, while fracture cleavage is likely to emphasize, rather than 
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to destroy, flow cleavage. It is concluded, therefore, that the most 
characteristic and widespread structure which we ordinarily think of 
as cleavage comes under the head of flow cleavage, but that there 
is also present abundantly in rocks of the lithosphere another kind 
of cleavage, here calit^d fracture cleavage, developed under condi- 
tions quite different from those favorable to the development of flow 
cleavage, and not in any way dependent upon the parallel arrangement 
of the mineml i>articles. 



CHAPTER IIL 



SUMMARY STATEMENT OF CAUSES OF SECONDARY ROCK 

CLEAVAGE. 

Secondary rock cleavage is a property by virtue of which some 
rocks may be split along parallel surfaces and which is due to the 
weakness of molecular attraction along such surfaces as compared 
with the attraction in other directions. The property of cleavage is a 
capacity to part; actual partings are not included under this head. It is 
a phenomenon associated with the parallel arrangement of mineral parti- 
cles, which in turn is induced during " rock flowage " under differential 
pressure. The relations of cleavage to the parallel arrangement of 
mineral particles; the relations of cleavage and parallel arrangement 
to differential pressure, and the processes through which the parallel 
arrangement of mineral particles has been brought about, have been 
matters of dispute among men who have attacked the subject from 
mathematical, experimental, and observational standpoints. The fore- 
going report is a presentation of evidence on this subject afforded by 
field and laboratory study of the structural and mineralogical charac- 
teristics of metaclasic rocks, with only incidental reference to the math- 
ematical and experimental aspects of the question. It is believed that 
a sufficiently great variety and abundance of rocks have been exam- 
ined, and that the facts observed are so uniform and significant as to 
warrant the following statement of the causes and conditions of 
secondary rock cleavage: 

Secondary rock flowage is of two kinds, widely differing in essen- 
tial causes and conditions. One has been called flow cleavage, because 
of its characteristic development during rock flowage, under conditions 
and laws of rock flowage and in the zone of rock flowage, and the 
other has been called fracture cleavage because of its characteristic 
development through fracture under laws and conditions governing 
fracture in the zone of rock fmcture. 

FLOW CLEAVAGE. 

Flow cleavage conditioned primarily by the parallel arrangement 
of the principal diameters of unequiaxial mineral particles. It fol- 
lows these principal diameters and thus intersects the fewest possible 
mineral particles. It is observed to vary in excellence with degree 
of arrangement, and with the inequality of the greater, mean, and 
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least dimensional axes of the parallel arranged particles. It is linear 
parallel or plane pamllel (parallel to a line or to a plane) and is in one 
plane or two intersecting planes (one of them representing grain), 
according to the degree of inequality' of the greater, mean, and least 
dimensional axes of the parallel arranged particles. The ratio of the 
inequality of the axes has been found b}^ measurement to be fairly 
uniform in particles of the same mineral species, and hence the par- 
ticles of a mineral species wherever found with the same degree of 
arrangement have about the same effect in producing rock cleavage. 

Flow cleavage is conditioned secondarily by the parallelism of the 
mineral cleavages of the parallel mineral particles. This is a con- 
dition clearl}^ dependent upon the arrangement of the dimensional 
axes of the mineral particles; the dimensional axes of the particles 
must be parallel, if there is flow cleavage, while the mineral cleav- 
ages may or may not be pai'allel depending on the uniformity or lack 
of uniformity of their relations to the dimensional axes. Uniform 
relations are observed in cleavable rocks only where the particles have 
dimensions determined by uniform crystal habit, as in the micas, 
hornblende, chlorite, talc, rarely in feldspar, and in the group of 
characteristic but less abundant schist-making minerals which have 
been seen to have a poor dimensional arrangement, tremolite, stauro- 
lite, garnet, actinolite, chloritoid, andalusite, tourmaline, sillimanite, 
etc. So far as any of these minerals have dimensional parallelism 
there is a tendency toward parallelism of their mineral cleavages, and 
to this extent the mineral cleavage may cause a rock cleavage. The 
uniform relations of mineral cleavage to dimensions of the particles are 
not observed when the dimensions of the particles are independent of 
the crystal habit, as in calcite and the greater proportion of quartz and 
feldspar particles. In such particles the mineral cleavages are not 
parallel among different particles. 

Parallel mineral cleavages may produce a flow cleavage in the same 
plane as that conditioned by the dimensional arrangement, as in mica 
and chlorite; parallel to the greatest axis of dimensional development, 
as in hornblende; or where the mineral has two cleavages one may aid 
the cleavage conditioned by the dimensional arrangement, while the 
other may give the rock a cross cleavage, as in feldspar. 

Minerals of the same kind have a tendency to be concentrated into 
bands. As the minerals vary in their cleavage-producing capacity 
(that is, in shape, dimensional arrangement, and arrangement of their 
cleavages), the rock cleavage is likely to vary greatly in different planes, 
in some cases so widely that practically the flow cleavage is confined 
to a comparatively few and separated planes. When segregated in 
bands, also, difference in strength or cohesion of the different minerals 
may condition planes of weakness quite independent of the parallel 
dimensional arrangement. 
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According to the arrangement shown by the minerals, the parting 
following rock cleavage may be between mineral particles or through 
their mineral cleavages. If between the minerals, the flow cleavage 
may, for convenience in discussion of origin, be called intermineral or 
adhesion cleavage; if through the minerals because of their own cleav- 
age, the flow cleavage may be called cohesion cleavage. In cleavable 
rocks as a whole probably intermineral cleavage is predominant; in 
the most fissile schists and slates both the intermineral and cohesion 
cleavages are present and the cohesion cleavage may be more effective 
than intermineral cleavage. In terms of individual minerals, inter- 
mineral cleavage is predominant in so far as quartz, feldspar, calcite, 
tremolite, actinolite, garnet, tourmaline, staurolite, chloritoid, andalu- 
site, and sillimanite are present. Intermineral and cohesion cleavage 
together are effective in proportion to the amount of mica, chlorite, 
hornblende, and rarel}^ feldspar, present. 

The processes through which the parallel arrangement of minerals 
is brought about, are: 

(1) Crystallization or recrystallization of minerals with their respect- 
ive din^ensions in common planes or lines, with or without contempo- 
rary or subsequent rotation. Evidence of this is conspicuous in the 
abundant parallel minerals which have been observed to afford the best 
flow cleavage, mica, hornblende, and chlorite, as well as in certain 
minerals which are less abundant in cleavable rocks and which have 
little effect on rock cleavage, such as calcite, tremolite, actinolite, gar- 
net, tourmaline, staurolite, chloritoid, andalusite, and sillimanite. 
Evidence of recrystallization is present but less abundantly in certain 
parallel minerals, which have less effect on rock cleavage, such as 
quartz and feldspar. 

(2) Rotation of all the particles in a rock toward dimensional paral- 
lelism. Rotation must always occur during the change in form 
induced by rock flowage. The evidence of rotation consists largely 
in the absence of evidence of other processes of parallel arrangement. 
On such evidence, rotation, while probably always present, is sub- 
ordinate to recrystallization as a process of arrangement in the best 
cleavage-giving minerals, and is important only in minerals such as 
quartz and feldspar which have little effect in the production of cleav- 
age when compared with mica, hornblende, and chlorite. 

(3) Slicing and gi'anulation, besides affording considerable assistance 
to recrystallization and rotation, are observed to yield a dimensional 
parallelism by themselves, by carving the original grains in situ into 
rough dimensional parallelism without any rotation, and by breaking 
slices from the mineral particles which, before any considerable rota- 
tion has occurred, may lie parallel. The longer diameters of particles 
arranged in a parallel position by these processes may be parallel or 
inclined to the longer diameters of particles developed in a 
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position by recrystallization. These processes are observed to be of 
some little imiK)rtance in arranging quartz and feldspar, and to a 
limited extent also are effective in arranging hornblende and mica. 
In any case, however, they are much less effective than either recrys- 
tallization or rotation and are important principally in the aid they 
give to recr3\stallization and rotation. 

(4) Gliding, i. e., change of form by differential movements along 
definite planes in crystals without fracture. Evidence of this has 
been observed only in calcite, a mineral better adapted than any other 
to take a imnillel arrangement through this process; yet even in this 
mineral gliding is clearly subordinate to recrystallization. 

Relatione of flow cleavage to differential pressure. — ^The simpler 
relations of stress to the directions of shortening and elongation in a 
rock mass during rock flowage are known. Observed relations of flow 
cleavage to such directions of shortening and elongation give the rela- 
tions of the structure to pressure. Wherever the plane or line of 
elongation of the rock mass can be observed, the flow cleavage is 
observed to be approximately parallel to the greater elongation of the 
rock mass (or normal to the shortening), but is exactly parallel (with 
such minor deviations as are caused by the heterogeneity of the rock 
mass) only so far as the cleavage is conditioned by a parallel arrange- 
ment caused by recrystallization. Where the cleavage is locally con- 
ditioned by a parallel arrangement induced by granulation or slicing, 
it may at times be inclined to the greatest elongation of the rock mass. 

Where the cleavage is exactly parallel to the axes of elongation of 
the rock mass, the relations of the cleavage to pressure can be stated 
by substituting the term cleavage for the axes of strain which it 
represents. If the strain is an irrotational one (pure shortening and 
elongation with or without dilatation), the greatest elongation, and 
hence the flow cleavage, is always developed normal to the greatei^t 
pressure. If the strain is a rotational one (scission or scission combined 
with pure shortening and elongation, with or without dilatation), at 
any instant the rock mass is being elongated, and hence rock cleavage 
is being developed normal to the greatest pressure, but, due to rota- 
tion, the total elongation of the rock mass (which represents at any 
instant the net effect of the stresses producing it) and the cleavage imme- 
diately become slightly inclined from its normal position to the greatest 
pressure, and inclined from the position of new cleavage subsequently 
tending to develop in planes where elongation is then occurring nor- 
mal to the greatest principal stress. Hence cleavage is always 
tending to develop normal to the greatest principal stress, but its final 
position may or may not be inclined to the greater stress depending 
upon the nature of the strain. 

Where the cleavage is conditioned in whole or in part by the par- 
allel arrangement caused by granulation or slicing and is not parallel 
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to the axes of elongation of the rock mass, its development has been in 
shearing planes inclined to the maximum elongation of the rock mass. 
To these simple relations of cleavage to pressure there are a num- 
ber of' modifications, due to the variation in local stresses caused bv 
the influence of rigid particles on the transmission of stresses, and due 
to the limitations of the processes of rotation and recrystallization in 
bringing or keeping the greater diameters of the rock mass in parallel- 
ism with the greatest lengthening of the rock. 

FRACTURE CLEAVAGE. 

Fracture cleavage is a capacity to part along parallel planes, usually 
in intersecting sets, along which there has been either incipient frac- 
turing or actual fracturing followed by cementation or welding. It is 
a structure developed in shearing planes inclined to the greatest pres- 
sure under the laws of fracture and in the zone of fracture in the 
lithosphere. Fracture cleavage may or may not be accompanied by 
a parallel arrangement of the mineral constituents, but a parallel 
arrangement is not essential to its existence, and when present is only 
a modifying condition or result and not a cause. 

RELATIVE IMPORTANCE OF FRACTURE CLEAVAGE AND FLOW 

CLEAVAGE. 

Flow cleavage and fracture cleavage are correlative phenomena. 
Flow cleavage is a structure characteristic of rocks which we ordi- 
narily associate with the term cleavage, such as slates, schists, 
phyllltes, etc., and flow cleavage affords planes of parting more closely 
spaced than fracture cleavage and usually in one plane rather than in 
two or more intersecting planes. Fracture cleavage is obliterated by 
the subsequent development of flow cleavage, while flow cleavage 
may be destroyed or emphasized by the subsequent development of 
fracture cleavage in the same rock. The structures known as fault- 
slip cleavage, false cleavage, slip cleavage, and ausweichungs cleavage 
are in most cases varieties of fracture cleavage which have been 
superposed on flow cleavage. 



CHAPTER lY. 

COMPARISON OF PRESENT STATEMENT WITH PREVIOUS 
STATEMENTS CONCERNING SECONDARY CLEAVAGE. 

Sorby,^ Heim,« Harker,^ and others bave considered cleavage to 
include two classes of pbenomena similar to those described in this 
papKM- under "fracture cleavage" and "flow cleavage." Van Rise's" 
discussion of "cleavage" would apply almost in toto to what is here 
caUed flow cleavage, and his discussion of "tissility" would apply not 
only to the parallel closely spaced fracturing which he termed fissility, 
but to the cleavage, or capacity to part, developed by the cementation 
or welding of such fractures, or to what is here called fracture cleav- 
age. The writer is thus essentially in accord with Sorby," Heim," 
and Ilarker" in distinguishing two classes of phenomena under cleav- 
age; and by correlating fracture cleavage with fissility in part, he is 
in accord also with Van Hise. He differs from those who have 
attempted to discuss cleavage as a single kind of phenomenon result- 
ing from a single group of causes and conditions. King" and Becker" 
in particular have applied to cleavage in general an explanation which 
is here held to apply mainly, with certain modifications, to what is 
here called "fracture cleavage," and Becker's strong presentation of 
fact and argument has had much weight. In this report especial 
emphasis has been laid on the proof that the two phenomena are sep- 
arate, resulting from different conditions and causes, and that the 
explanation of fracture cleavage will not apply to flow cleavage. 

That a parallel arrangement of mineral particles is an essential and 
adequate cause of flow cleavage (or "cleavage" as this term is used 
by many writers) has been assumed by all writers except King" and 
Becker." The points here added or emphasized are the nature of the 
parallel arrangement of the mineral particles and the dependence of 
cleavage on the parallel arrangement where such arrangement is pres- 
ent, as follows: (1) The control of the arrangement of the mineral 
cleavages by the dimensions of the mineral particles; (2) a statement 
of the relative effects of dimensional and mineral cleavage arrange- 
ment in the particles of different mineral species; (3) proof of the 
uniformity in shape, dimensions, and cleavage-producing effect of 

a See discussion of literature on pp. 13-15. 
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particles of the same mineral species; (4) a determination of the rela- 
tiv e importance of the dimensional arrangement of the mineral par- 
ticles and the arrangement of the mineral cleavages in producing flow 
cleavage. 

Concerning the processes through which the parallel arrange- 
ment of the mineral constituents in flow cleavage has been brought 
about, no new conclusions are offered, unless certain modifications 
of old ideas may be called new, but evidence is presented to 
show to what extent the several possible processes are effective. 
Recrystallization was hinted at by Sedgwick when he referred to the 
parallel arrangement as due to " crystalline forces." Sorby stated that 
the development of minerals such as the micas in cleavage planes ''may 
have been a subsequent operation." Sharpe explained the parallel 
arrangement by the flattening of the individual particles in situ.^ Such 
a result is likely to be produced by recrystallization, but Sharpe makes 
no statement as to the process through which it is obtained. While 
a number of other writers have discussed the solution and deposition 
of minerals (recrystallization) as a process active in the deformation 
of rocks, Van Hise was the first to show the predominance of the 
process of recrystallization in the development of a parallel arrange- 
ment of the particles. Moreover, his conception of the process and the 
conditions favorable to it is much more definite than that of his prede- 
cessors. The facts observed in the investigation above described are 
in accord with Van Rise's statement. The new features are the pre- 
sentation of a number of criteria for discriminating the effects of 
recrystallization from those of other processes, and through this means 
the presentation of an additional proof of the predominating importance 
of recr3^stallization when compared with other processes, and finally 
a proof of dimensional arrangement and control of mineral particles 
through this process. 

The development of a parallel arrangement by the rotation of ran- 
dom particles was first held by Sorby, who has been followed by most 
other writers. The present statement contains nothing new on this 
subject except evidence of its subordinate importance as a process in 
arranging the mineral constituents. 

Gliding has been shown by Adams and others to be of importance 
in the production of parallel arrangement of calcite in metaclasic 
rocks. It is believed that the facts stated in this report demonstrate 
that evidence is lacking to show the importance of this process in 
metaclasic rocks in general as compared with the other processes 
described. 

The processes of granulation and slicing which produce a parallel 
arrangement of mineral constituents, have been described by Van Hise, 

a See references on pp. ia-16. 
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Adams, aiul others." In this paper the writer has attempted to deter- 
mine the amount and nature of the evidence of this process in the 
metachisic rocks. 

Tlie statement of the relations of flow cleavage to the shortening 
of the rock mass and to pressure is essentially the same as that of 
practically all others who have assumed the parallel arrangement of 
mineral constituents to be a necessary condition for the existence of 
cleavage, and is especially similar to the statements of Van Hise and 
Hoskins, but it varies from the conclusions of King and Becker,* that 
all cleavage is developed in shearing planes inclined to the greatest 
elongation of the rock mass. An advance is made perhaps in showing 
the reasons for slight variations from parallelism to be seen in cleav- 
able rocks and the effect of rigid particles on the local distribution of 
stresses within the rock mass. 

The explanation of the development of fracture cleavage in planes 
of maxinuim shear or jointing here given is essentially the same as 
that applied by King and Becker, especially Becker, to all cleavage, 
both fracture and flow cleavage (pp. 126-130). Van Hise's explana- 
tion of the relations of pressure to tissility (pp. 126-133) apply almost 
without change to the present statement of the relations of pressure 
to fracture cleavage. 

It must now be apparent to the reader that the conclusions of the 
present report have many features in common with those long ago 
reached by Sorby, but that they correspond more nearl}^ in emphasis 
and form with those of Van Hise. Sorby suggested most of the 
factors in the problem; Van Hise showed their relative^ importance 
and the predominance of recrystallization. Aside from new features 
above referred to, the writer differs from Van Hise only in con- 
fining fissility strictly to actual partings as defined by Van Hise and 
in applying the term fracture cleavage to the capacity to part formed 
by the welding or cementation of fissility partings. To this restric- 
tion of the application of the term fissility, and to the use of the term 
fracture cleavage, Van Hise assents.^ 

a See discussion and references, pp. 14-17. 
ft See discussion and references, pp. 18-19. 

c See discussion and references, pp. 19, 126-130. See also Treatise on metamorphlsm: Mon. U. S. Geol. 
Survey, vol. 47, 1904. 
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ORIGINAL CLEAVAGE. 

The term original cleavage may be used conveniently to designate the 
cleavage sometimes possessed by a rock on its first solidification from 
a magma, or deposition from water, as distinguished from secondary 
cleavage, which is produced by secondary processes accompanying 
rock flowage after the solidification or deposition of the rock. A brief 
discussion of rocks with original cleavage, or protoclases, is here 
given to show the main points of similarity and difference between 
original and secondary cleavage. Original cleavage is found in clastic 
sediments and in certain igneous rocks with a banded or flow structure. 

BEDDING IN CLASTIC SEDIMENTS. 

The bedding of sediments may be a capacity to part along parallel 
surfaces which, rather than an actual parting, is by our definition rock 
cleavage. Such cleavage is probably for the most part due to the dif- 
ferences which are found in the strength of the beds, and which allow 
rupture to occur more easily along softer strata, usually of a shaly 
nature, than along hard laj^ers. But it is certain that the cleavage in 
mechanical sediments is due also to a dimensional arrangement of the 
mineral constituents. Water worn particles or pebbles are commonly 
not round, but ellipsoidal or subangular. While the shape, of course, 
varies considerably with the nature and structure of the mineral or rock, 
averages of the greatest and least diameters of a large number of pel)- 
bles and of mineral particles from microscopic slides of finer sediment- 
ary rocks show a rough uniformity, not far from 2 to 1. Unexquiaxial 
particles moved by water are deposited in a position determined by 
the configuration of the immediately underlying floor and by stresses 
there obtaining. These stresses are those of gravity alone or of 
gravity combined with moving water. The tendency is for gravity to 
bring the greater or mean axes of the particles towjird a horizontal 
plane, assuming the floor to be horizontal, while that of moving water 
is to lay the greater diameters of the particles at some angle to this 
plane, usually low, under the law that the ellipsoid tends to take such 
^ position that it presents the greatest surface to stresses acting upon 
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it. Their combined forces deposit the particles in such a manner that 
they sometimes overlap, in the manner of shingles. Gravity is greatly 
predominant in original deposition and has a tendency to produce a 
horizontal arrangement. This tendency is likely to be somewhat 
emphasized later by the weight of overlying rocks. The arrange- 
ment may be such that all three dimensional axes of the various par- 
ticles are respectively parallel, or such that only the least axes are 
parallel, and the other two are axes parallel to a plane and not to one 
another, or such that the particles may lack all but a faint tendency 
toward pai'allel ari'angement, depending upon the configuration of the 
floor and upon whether gravity alone, or gravity combined with mov- 
ing water, produces the result. A tendency to dimensional arrange- 
ment of the particles is thus one of the characteristics of sedimentary 
bedding. The alternation of bands of varying coarseness and vary- 
ing mineralogical composition is also a characteristic feature. When 
a sediment has been cemented to a coherent solid, the bedding 
is not an actual parting, but may remain a plane of weakness 
with a capacity to part, and hence truly a cleavage — a cleavage 
primarily due to the dimensional arrangement of unequiaxial par- 
ticles. It is scarcely necessar}^ to add that cementation may be so 
thorough that the rock does not part along bedding planes ajiy 
more readily than elsewhere. In coarse rocks the parallel arranged 
particles themselves may be composite, and the individual minerals 
making up the composite particles may have neither dimensional nor 
crystallographic arrangement. In finer rocks the dimensionally ar- 
ranged particles may be mineral individuals. In such particles paral- 
lelism of crystallographic properties may be found if there are uniform 
relations of the crystallographic properties to the dimensional diame- 
ters of the particles. The degree of this uniformity varies with the 
different minerals and with the length of time during which the particle 
undergoes the wearing of water. Quartz grains in a sedimentary rock 
show little if any crystallographic parallelism. Feldspar may do so rarely 
in arkoses, clays, and muds, where the shape of the feldspar particles is 
conditioned by the normal habit or cleavage of the feldspar. Mica, 
when original in sedimentary rocks derived from the disintegration of 
granite or other mica-bearing rocks, shows characteristic crystallo- 
graphic parallelism. It may frequently be seen in cleavage plates 
lying parallel to the bedding of quartzites and shales. Hornblende 
has little arrangement, probably due to its breaking down by water 
action. Other minerals less abundant in sediments may or may not 
show crystallographic parallelism, depending largely on their crystal 
habit and the length of time they have been subjected to the working 
of water, but they are normally in such small quantities in sediments 
that their arrangement and influence on bedding cleavage need not be 
discussed. 
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Id general, then, the parallel arrangement of particles in sedimentary 
bedding is dimensional, and either complete or partial, usually the 
latter, depending upon the nature of the stresses exerted at the time 
of deposition and the evenness or irregularity of the floor. Where 
the constituent particles of the sedimentary rock are separate mineral 
individuals rather than pebbles made up of many mineral individuals 
there is present in some cases a crystallographic parallelism, depending 
entirely upon the uniformity of the relation between the crystallo- 
graphic properties of the crystals and their dimensions. The parting 
occurs parallel to the longer diameters of the particles, usually between 
particles and not along the mineml cleavage, although in the case of 
the micas, the rock cleavage may follow the mineral cleavage, as evi- 
denced by the corresponding mica spangles to be seen on both faces of 
a parted quartz-slate in which the parallel structure is entirely that of 
bedding. Parting along bedding is aided also by the difference in 
nature and texture of different beds. 

In all of these phenomena the pai*allel arrangement of sedimentary 
bedding is closely similar in kind to the secondary flow cleavage 
incidental to rock flowage. There are, however, differences in the 
phenomena shown by sediments and rocks with flow cleavage, some in 
kind but mostly in degree. In both rocks the segregation into bands 
of minerals or particles of the same kind or size are characteristic 
features, resulting in planes of weakness perhaps entirely independent 
of a parallel arrangement of the mineral constituents. The particles 
in the flow cleavage rocks due to granulation probably have sharper 
angularities than the angular particles in the sediments. The most 
characteristic particles in flow cleavage rocks, i. e., those developed by 
recrystallization, have more unequal dimensions than particles of the 
same minerals in a sedimentary rock, the water having a tendency to 
minimize the differences in dimension. Characteristic arrangement 
due to dimensions is, accordingly, on an average, poorer in sediments 
than in rocks with secondary cleavage, although the differing processes 
bringing about the arrangement in the two cases modify the results. 
The cr3'stallographic parallelism in sediments is not so g^od as in rocks 
with flow cleavage, for the reason that the rounding effect of the water 
is likely to modify the uniformity of relations })etween dimensions and 
cry.stallographic properties. These latter differences, however are not 
great. 

These are the differences shown by the minerals appearing in both 
the sedimentary and secondary cleavage rocks, but there is an addi- 
tional and very important difference. The relative abundance of the 
different minerals varies. Quartz and feldspar are characteristic of 
sedimentary rocks, while mica and hornblende, etc., are subordinate. 
In the rocks with secondary cleavage mica and hornblende are the char- 
Bull. 239—05 10 
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acteristic iniiierals, as well as a lon^ list of minerals only sparsely present 
in sediments, such as chlorite, actinolite, staurolite, garnet, sillimanite, 
andalusite, etc. These differences in minerals of course make wide 
differences in average dimensions of the particles present in the origi- 
nal and sedimentary rock (a difference in addition to the variations in 
dimensions shown by minerals appearing both in sediments and flow- 
cleavage rocks). These mineralogical differences have a further effect 
in determining the nature of the parting. In both sediments and rocks 
with secondary cleavage it is parallel to the longer dimensions of the 
particles, but in the former, where quartz and feldspar are dominant, 
the parting is mainly intermineral, while in the latter mica and horn- 
blende are dominant and the best parting may follow the mineral 
cleavages, although both kinds of parting may be present in both 
classes of rocks. 

In general it appears that so far as the structure itself is concerned 
there is no essential difference between potential parting in the bed- 
ding of an indurated sediment and that in a metaclase or rock with 
secondary cleavage. Both are due to differential pressure. Both arje 
molecular phenomena conditioned by the same kinds of factors. How- 
ever, in origin and in the range of the different factors favoring the 
parallel parting, the two structures are widely different and should 
of course be described under two names. 

BEDDING IN NONCLASTIO SEDIMENTS. 

Excellent bedding may sometimes be observed in nonclastic sedi- 
ments which may or may not yield a rock cleavage. The most common 
of the nonclastic sediments — limestone — sometimes shows a good bed- 
ding cleavage and sometimes not. When present, it is clear that the 
bedding cleavage is not due to the parallel arrangement of mineral con- 
stituents, but to the intrinsic weakness of certain layers. The subse- 
quent alteration of a nonclastic rock through chemical changes may 
emphasize the bedding, as by the segregation of limestone and chert 
in a limestone formation, or the segregation of chert and iron oxide 
in an iron formation resulting from the alteration of iron carbonate. 
Where the original bedding has been so emphasized the capacity to 
part is clearly due to interbanding of materials differing widely in 
nature, certain layers being weaker than others, or the layers of differ- 
ent character having weak adhesion (PL XXV). 

FLOW STRUCTURE IN IGNEOUS ROCKS. 

An original cleavage is sometimes found to have been induced in 
igneous rocks prior to or contemporaneous with their solidification 
from a magma. In the original flow structure of lavas there is a tend- 
ency for any unequidimensional crystals to be arranged with their 
greater diameters parallel to the flowage lines, and there is a marked 
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tendency for minerals of the' same kind to be concentrated into layers, 
both of which phenomena may yield a rock cleavage. The cause of 
the parallel arrangement of flowage is one which need not here be dis- 
cussed beyond the general statement that the arrangement is probably 
due to rotation of random particles during the flowage of the lava, and 
perhaps also to development in situ under unequal stresses set up dur- 
ing later stages and caused by cooling of the mass. The arrangement 
of particles is dimensional. Conipionly this arrangement is partial 
rather than complete, but dimensional axes of one kind in the different 
particles may be parallel, while the others are parallel to a plane and 
not to one another. A large proportion of minerals in an original rock 
have crystal shape or habit, and thus present uniform relations of 
their crystallographic axes to their dimensions, and hence their crys- 
tallographic axes are arranged to the same degree as their dimensions. 
This crystallographic arrangement is found in mica and hornblende, 
and partially also in feldspar. Pressure effects and breaking and sepa- 
ration of particles in the lines of flow are common. 

Certain original gneisses should probably also be described in this 
connection, although it is believed that the majority of gneisses are 
the result of secondary metamorphic action and therefore should prop- 
erly come under the discussion of secondary rock cleavage. The 
gneisses with original parallel structure are not surface rocks, but in 
many cases arc found in dikes or in other forms whose structural rela- 
tions show them to have undergone practically no deformation since 
solidification.^ Such gneisses can be proved to be igneous in some 
cases at least, and are probably so in the majority of cases, and if their 
parallel structure is induced prior to solidification it may be in some- 
what the same way that the flowage structure of lavas is induced, 
although the parallel development of minerals in situ due to differen- 
tial stresses set up in the rock during the later stages of its cooling 
may be more important than the rotation of random original particles. 
There is a dimensional parallel arrangement of the particles of the 
gneisses, but the minerals possess characteristic crystal shape to a 
small degree and hence there is little crystallographic parallelism of 
the mineral particles. Mica and hornblende are the only ones which 
show crystallographic arrangement. Quartz and feldspar are exceed- 
ingly irregular in outline, and their dimensional parallelism would be 
likely to be overlooked in a hasty examination* 

As in the comparison of tlie original cleavage of sediments and flow 
cteavage, all of the features a})ove described for the original cleavage 

a A clear case of the development of an original parallel Htnicture in gneisses is found in the Animas 
Canyon of southwestern Colorado, where, acconling to Mr. Whitman Cross, dikes of gneiss have in- 
trusive relations to ancient liorn blende-schists. The dikes give no evidence of secondary deforma- 
tion and presumably the parallel structure of the gneLss is original. The writer is indebted to Mr. 
Cross for an opportunity to examine specimens from this locality. (Specimens 10, 13, 152, 153, 2937, 
2943,2947,2948.) 
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of igneous rook.s arc duplit^ated in secondary cleavage, but in varying 
degree. Indeed, the g«»neral aspects of the two are frequently surpris- 
ingly siinihir. This is well shown in the behavior of finer constituents 
in inissing around phenocrysts in lx)th original and secondary rocks. 
In kinds of minerals represented in the igneous rocks with original 
cleavage and in rocks with secondar}'^ cleavage there are differences. 
Probably mini and hornblende are relatively more important in the 
latter than in the former, while quartz and feldspar are relatively more 
important in the former, although l)oth are present in both kinds of 
rocks. In shajx^ of particles there are minor differences. Angular 
fragments due to granulation in the rocks with secondary cleavage 
probably do not have their counterparts in so great abundance in the 
original igneous rot*ks with cleavage. The cr3"stals in the original rock 
are probably not so unequidimensional on an average as those in rocks 
with secondary cleavage and prolmbly show differences in size, either 
larger or smaller, depending on the dominance of the processes of 
recrystallizatioii or granulation in rock flowage. Differences in the 
relative dimensions of the greatest and least diameters of the particles 
in the original and secondary rocks seem to be indicated by measure- 
ments. For instance, secondary green hornblende in schists shows an 
average relation of length to thickness of about 100 : 20. Measure- 
ments of the same dimensions of similar hornblendes in unaltered rocks 
give a ratio of about 100 : 40. The parallel arrangement, even if brought 
about under the same conditions in the two classes of rocks, would not 
be expected to be equally uniform in both, and as a matter of observa- 
tion, it is not, but the arrangement is brought about under different 
conditions and the cause may not be connected with the dimensions of 
the particles. The (^rystallographic properties, therefore, show less 
tendency to be parallel in the original igneous rocks than in the second- 
ary rocks. The conc^entration of the hornblendes and micas in layers in 
the secondary rocks with cleavage affords an excellent parting not 
attaina})le in the original igneous rocks where these minerals, if pres- 
ent, are not concentrated to such an extent. The breaking of crystals 
and their separation in lines of flow are strikingly similar in original 
and secondary rocks. 

It thus appears in the comparison of rocks with secondary cleavage 
and igneous rocks showing flow structure and cleavage that there is 
a similarity of phenomena throughout. In both the parting is a 
molecular phenomenon and thus a true cleavage. But still sufficient 
and characteristic differences are present to make discrimination pos- 
sible in some cases. The original cleavage in an igneous rock showing 
flowage structure is in general far less ready than in either the indu- 
rated sediments or in the typical crystalline schists or slates. 
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MISCELLANEOUS. 

There remains to be discussed a variety of original parallel struc- 
tures, such as pegmatite, perthite, and parallel arrangements, particu- 
larly of feldspar crystals, in rocks both basic and acidic, perhaps due 
to original flowage and perhaps partly pegmatitic in origin. The 
parallel arrangement of pegmatites and perthites has little similarity 
with the secondary parallel ,arrangement incidental to rock flowage. 
In either case there is no dimensional arrangement of the minerals as 
a whole with reference to the pressure, but rather an intergrowth of 
two minerals and uniformity in arrangement only with reference to 
each other, due to causes not well understood. It is the peculiar con- 
trol which the physical properties of a mineral sometimes exert on 
the arrangement of another mineral close at hand. The development 
of minute crystals of one mineral with different arrangement on the 
crystal surfaces of another is an illustration of such control. In 
pegmatites the cleavage is that of the constituent minerals, and may 
var}^ in direction from mineral to mineral; in rocks with secondary 
cleavage it is of the complex nature already described. 

The characteristic arrangement of feldspar parallel to its tabular 
development found in many original basic and acidic rocks presents 
an interesting analogy with certain schists. This parallel arrange- 
ment is found in the banded gabbros of the Adirondacks ^ and north- 
eastern Minnesota, the nepheline-syenites of central Wisconsin, * the 
porphyritic gneiss from the main shaft of the Hoosac tunnel, Massa- 
chusetts, and certain other labradorite-porphy rites from America and 
Europe. An examination of the feldspars of these rocks shows them 
to be simply twinned parallel to the clinopinacoid or })rachypinacoid. 
In all cases also their tabular development is parallel to this piano, 
and they lie in the rock with these planes parallel. In some cases, as 
in the banded gabbro and in the nepheline-syenite, the parallelism 
goes still farther and the cr^^stallographic axes in this plane are paral- 
lel, as shown by the parallelism of the basal cleavages. This arrange- 
ment of the feldspars gives the "rock in which it occurs a cleavage 
parallel to the tabular development of the feldspar, and where the 
basal planes are pai'allel, a cleavage parallel to them. The rock cleav- 
age so formed is mainly cohesion clc^avage, as it follows the brach}"- 
pinacoidal or basal cleavage of the feldspar. In corhiin schists a 
similar secondar}' arrangement of this kind has been found (pp. 35-37), 
but in this (*ase the secondary feldspars have not nearly so great dif- 
ferences in dimensions as the original ones, and, furthermore, the rock 
cleavage is not conditioned by the feldspar mineral cleavage, })ut the 
feldspar is associated with mica and the rock cleavage is largely parallel 

asp. 14764, hI. 9:W9. near Thompson. Minn.: sp. 1M242. sis. 97r>|, U\)T2, 14973, 14974, VVe«tport, N.Y. 
«>8pe. 6261, .'ib'il, 58ia, 5«24, 5825, near Wausau, Wis. Cf. Weidman. 
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to this mineral. The similarity of the development and arrangement 
in the original and secondary roeks brings to mind the possibility that 
the original parallel structure may be due to differential pressure. The 
roeks showing this arrangement have in many cases certainly not 
undergone mechanical deformation. The parallel arrangement is found 
in fresh massive gab})ro in which the feldspars almost certainly 
are original. If this arrangement were attained before the complete 
solidification of the magma, as seems most likely, it could come about 
either through rotation of unequidimensional particles or through 
development in situ. If such large feldspars were present in the 
magma before solidification, the viscous movement prior to cooling 
would undoubtedly have had a rotating effect on the crystals, and the 
tendency might be to bring them into dimensional parallelism. The 
same result might perhaps be attained by the rotation of such crystals 
under the differential stresses caused by the cooling of the magma. 
BrOgger is strongly of the opinion that the forces in a cooling viscous 
magma are unequal in different directions; that at any point they may 
be resolved into three mutually perpendicular differential stresses. In 
neither case is it clear how a good tridimensional parallelism can result 
from the rotation of cr3^stals of which two of the three dimensions 
are not far different. As an alternative the feldspars may be supposed 
to develop entirely after such differential stresses incidental to cooling 
have been set up. In this case it is analogous to the development 
of minerals by recrystallization under conditions of differential pres- 
sure in the development of cleavage during rock flowage. This seems 
to offer a basis for a more reasonable explanation of the excellent 
parallel, almost pegmatitic, structures observed in many of the orig- 
inal igneous rocks, than rotation of crystals previously formed. 

Still another possible arrangement 3delding parallel parting should 
be mentioned. It is conceivable that if in a rock, say a gneiss, the 
materials of differing strength are concentrated in alternate bands, 
there might be a tendency to part in parallel planes, even if the indi- 
vidual particles were not arranged. No case of this has appeared 
during this investigation. 

CONCLUSION. 

To the cleavage of original rocks, then, such as sedimentary bed- 
ding, flow structures in lavas, etc. , statements similar to those made 
concerning secondary cleavage may apply. The cleavage is condi- 
tioned by the same factors of dimensional and crystallographic 
arrangement, although these factors have different ranges. The rela- 
tions to pressure are probably similar, although observational evidence 
is partially lacking. The only essential difference is in the processes 
through which the arrangement is brought about. Pegmatites and 
perthites present no dimensional arrangement of the minerals, and 
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their cleavage is essentially a local mineral cleavage diflfering in 
character from the rock cleavage under discussion in this paper. The 
cleavage in such rocks is coterminous with the individual minerals and 
does not extend in the same planes through any great mass of the 
rock; it is then properly not rock cleavage. 

SUPERPOSITION OF SECONDARY FLOW CLEAVAGE ON ORIGINAL CLEAVAGE. 

It is evident that secondary flow cleavage can develop in a rock 
which is either with or without any previous parallel structure, and 
may have any position relative to such previous parallel structure. If 
the flow cleavage is developed parallel to the earlier parallel structure, 
the latter is simply emphasized. If the flow cleavage is developed in 
planes inclined to the earlier structure, both the original and secondarv 
structures may be present in the earlier stages of the development of 
the latter. In later stages the earlier parallel structure is necessarily 
destroyed by the development of the secondary cleavage. The sec- 
ondary cleavage is conditioned by the dimensional arrangement of the 
particles, and the longer diameters of the particles in a rock can not 
be parallel to both original and secondary structures. 

Secondary flow cleavage is very commonly developed in sedi- 
mentary bedded rocks, and here the original tmd secondary structure 
may be frequently recognized. The bedding may be indicated by 
actual fractures due to readjustment between the beds, by variation in 
texture of the different beds, or by variation in the mineral content of 
the different beds, even though all trace of the original parallel arrange- 
ment is entirely destroyed. PI. XIV, A, shows a secondary cleavage 
crossing the bedding of a banded graywacke and slate. ^ 

The long dimensions of the individual particles correspond in direc- 
tions with the secondary cleavage. The original bedding is shown 
only in the alteration in coarseness and mineralogical (character of the 
bands. In the hand specimen from which this slide is taken the part- 
ing is parallel to the secondary cleavage, and, while the original 
bedding shown by the banding is conspicuous, the parting parallel to 
it is practically nil. 

In the instance cited the secondary parallel minerals developed by 
recrystallization across the bedding show greatly varying coarseness, 
and this coarseness corresponds roughly to the texture of the bands 
which they cross. Where an original ])edding layer is coarse, the 
micas crossing it are in coarse conspicuous flakes; where the texture 
of the bedding layers is fine the mica crossing it is fine (PL XIV, ^1). 
This serves really to emphasize the original alternation in texture of the 

a Sps. 14974, Black Hills, South Dakota; 7712, Menominee district of Michigan; 29217, Ocoee area, 
Tennessee; see also sps. 14858, 14981, 14861, 14802, Black Hills, South Dakota; 14745, Little Falls, Minn.; 
26675 and 26584, between Thompson and LivingHton, Cia. 

For excellent illustrations of cleavage crossing bedding, see Dale's report in Nineteenth Ann. Kept. 
U. 8. Geol. Survey, 1899, pt. 3. 
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l)od(lin^. Thus whiltx original parallel arrangement is completely 
destroyeil by the secondary arrangement, the bedding layers, as shown 
by alteration of textures, are even more conspicuous than before. It is 
lielieved that this oorrespondenee in texture of original and secondary 
minerals in the early stagesof recr^^stallization is a general phenomenon 
wherever recrystallization occurs — that is, the finer the original particles 
the finer the secondary ones developing among them. The micas 
developing in a slate, for instance, tend to be individually smaller than 
those developing in a coarser schist. 

The attitude of secondary flow cleavage with reference to the major 
}>edding structures in deformed sedimentary rocks has been observed 
for many years and the general relations of the two are known. 
As the sedimentary la3'ers of the earth's crust have been originally 
almost parallel to the surface of the earth, and as the deformation of 
such rocks has lH»en mainly through circumferential shortening of the 
outer portion of the lithosphere, it is in accordance with the law that 
cleavage develops normal to the shortening of the rock mass that cleav- 
age is frequently highly inclined to bedding. However, in the defor- 
mation of bedded rocks of heterogeneous character the nature of the 
deformation must vary from bed to bed and from time to time, with, 
corresponding variations in cleavage. A full discussion of the atti- 
tude of cleavage with ref(»rence to bedding is not essential to the pur- 
poses of this paper and will be omitted. However, there should be 
mentioned the well-known tendency of cleavage to cut across the 
harder layers at high angles and to curve toward parallelism with the 
bedding in the softer laj^ers. This is because of a frequent difference 
in the nature of the strains in the hard and soft layers. If the strata 
have been shortened parallel to their own plane the cleavage in 
general has a tendency to develop normal to the beds; the strain is 
essentially pure shortening. But in the folding which accompanies 
shortening there must be readjustment between heterogeneous rocks 
or within the softer layers of the series. In the softer layers the 
strain is largely of the kind known as scission. Cleavage developing 
under scission is rapidly rotated toward the plane of scission, which 
in th(5 case of the soft layers would be the plane of bedding; hence the 
frecjuent tendency of cleavage toward parallelism with the bedding 
in the softer layers, and the peculiar S curve so characteristic of cleav- 
age in rocks of varying hardness (fig. 37). 

SUPERPOSITION OF FRACTURE CLEAVAGE ON ORIGINAL CLEAVAGE. 

It is apparent that fracture cleavage may be developed without in 
any way obliterating original cleavage, and indeed may emphasize it. 
As in the case of the superposition of a fracture cleavage on a flow 
cleavage the preexisting cleavage may determine the plane of parting 
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even where this is inclined somewhat to what would be the plane of 
parting were the rock homogeneous. Thus it is we have common slips 
along bedding planes and more widely spaced fractures at angles to it. 
The statements made on pages 130-138 concerning the superposition 
of a fracture cleavage on flow cleavage will also apply in the main to 
superposition of fracture cleavage on original cleavage. 

One of the results of the superposition of fracture cleavage on orig- 
inal cleavage is the development of "cleavage bands" resulting from 
the softening of material by shearing along the fracture cleavage, 
which allows such bands to weather out readily and gives the rock as 
a whole a conspicuous banding (PL XVII, A). 



PLATES. 



155 



PLATE I. 
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PLATE r. 

SPECIMENS ILLITSTRATIN(} PLANE-PARALI.EL AND LINEAR-PARALLEL. 

TY1*ES or FLOW CLEAVAGE. 

A. — Micaceous schist "with i)lane -parallel type of cleavage. From Black Hills. 
SiH'ciinen Xo. 14808. The ])lack l)ancls represent bedding, and the cleavage 
is inclined to the bi^dding. Under the microscope all the constituents of the 
rock, mainly mica and (juartz, are seen to lie with their greater and mean 
diameters in the plane of rock cleavage. It is indeed the tridimensional par- 
allelism of these particles which gives the rock its plane-parallel type of 
cleavage. 

B. — Micaceous schist with linear- parallel type of cleavage. From Black Hills. 
Specimen No. 149415. Under the microscope the constituents of the rock, 
mainly quartz and mica, are seen lying with their longer diameters parallel to 
a line and not to a plane. The micas are for the most part bent and contorted 
in all directions but one, the line of cleavage. The garnets have developed 
subsequent to the development of the cleavage. 

C. — Micaceous schist with cleavage intermediate between plane-parallel and linear- 
i)arallel type. From Black Hills. Specimen No. 14959. The mica plates are 
bent and contorted and have the same arrangement on a minute scale as is 
shown by the rock surface on a larger scale. (See PL II, B,) 
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PLATE II. 

PHOTOMICROGRAPHS OF MICACEOUS SCHISTS. 

A. — Photomicrograph of micaceous schist from Hoosac tunnel. Specim^^^ T^k). 
18062. With analyzer, x 96. The micas, which are entirely new deyelop- 
mentsby recrystallization, lie in flat plates with their greater diameters ro^hly 
parallel. Each individual exhibits several twinning lamella. It will besltei 
that, while there is apparently a bending and irregularity in the mica f^" i^dB, ' 
the individuals are for the most part not deformed, and the impression of treg- . 
ularity is caused by the individuals feathering out against one another aftbw ^ 
angles. This sort of arrangement is frequently seen about rigid particles w&ich 
have acted as units during deformation, indicating that the arrangement is 
due to differing stress conditions at different places. Where the harder 
minerals are not present it is believed that the feathering out of the mica 
plates results froni changing conditions of stress at different times during the 
rock deformation, as well as changing conditions of stress at different places 
in the rock mass (pp. 113-114). 

B. — Photomicrograph of micaceous schist. From Hoosac, Mass. Specimen H, 
1061.2. With analyzer, x 40. In this rock the mica plates are new develop- 
ments, but here they have undergone subsequent deformation and bending. 
The difference between this manner of deviation from parallelism and that 
shown in A is ap^jarent, 
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PLATE VII. 

PHOTOMICROGRAPHS OF LEAF GNEISS. 

A, — Photomicrograph of leaf gneiss from the Laur^ntian area north of Montreal. 
Slides furnished by Frank D. Adams. With analyzer, x 60. Doctor Adams 
has described the leaf gneiss as resulting from granulation of a hornblende 
granite, all stages of the process having been noted. (See Part J of Vol. 
VIII of the Geological Survey of Canada, 1895.) The striated feldspars have 
irregulair angular shapes such as characteristically result from granulation. 
The two bands of quartz crossing the slide evidently owe their form and 
arrangement finally to recrystallization, although granulation may have been 
an important initial process. The evidence for recrystallization is stated on 
pages 82-87. It will be noted that the quartz individuals have dimensional, 
but not crystallographic parallelism. 

B. — The same; another view. 
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PLATE IX. 

PHOTOMICROGRAPHS OF MICACEOUS AND QUARTZOSE SCHIST. 

A. — Photomicroj^ph of micaceoiiH and quartzose 8(^hiBt from Hoosac, Mass. Spec- 
imen H. 1061. 8. With analyzer, x 60. The mica is clearly secondary and a 
result of recrystallization. The quartz is in clear limpid grains with their 
longer diameters nearly in a <x)mmon direc^tion. The grains are closely fitting, 
in bands, and strain effects are lacking, and these facts, together with the asso- 
ciation with recrystallized mica, go to show that the quartz has itself been 
recrystallized. It will be noted that the quartz has no (*rystallographic paral- 
lelism. 

j?.— The same, with higher power, x 110. The view illustrates in detail the relation 
of recrystallized quartz grains to recrystallized mica flakes. The mica flakes 
for the most part separate different quartz individuals, but they may be seen 
to bound two or more individuals and to project well into them. It is not 
probable that such a relation could be brought about by granolatiioni slicizig, 
or gliding! and it ee^ms beet explained by reorystaUixation. 
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PLATE XTV. 

PHOTOMICROGRAPH OF MICACKOUS AND QUARTZ03E SCHIST WITH 
CLKAVACiK A(?ROSM HKI)I)IN(}, AND PHOTOMICROGRAPH OF SLATE 
WITH FAI^K CLtlAVAOK. 

A. — Photoinicrof^rapli of iiiiciutHmH and (|iiartzoHC nchist with cleavage developed 
arroKs original lH'<ldiii};, from LittU* FuHh, Minn. SpiH'imen 14745. With 
analy/'Cr, x <M). A ^raywarkc-slate, in whicii t!i(> lianding has been marked by 
diff(*n*nr(* in ti'xtnrc as well aH in ('o]n]M>sition, !ia8 been subjected to deforma- 
tion, with the n*sult that a clcava^ lias In^en superposed upon the original 
)M*d(lin^ at ri^ht angles to it. Originally the longer diameters of the particles 
of the 1kmM«»<1 HM'k wen' |)arallel to tlie l)edding. Accompanying the devel- 
opment of ilow cleavage mont of the cronstituents of the rock have been 
riHTyHtalliz(Kl. The quartz particleH shown in the light band have been drawn 
out with th«»ir longer diameters nearly at right angles to the former plane of 
their longer diameters, and abundant new mi(» has developed with its greater 
(liameterH and mineral (tleavage normal to the plane of bedding. 

B. — Photomicrograph of slate with "false" (*leavage, from Black Hills of South 
Dakota. Specimen 14974. Without analyzer, x 60. The longer diameters of 
the particles, mainly mica, (]uartz, and feldspar, lie, for the most part, in a 
plane intersec'ting the plane of the page and parallel to its longer sides, but 
in well-sej)arated j)lanes at right angles to this plane the longer diameters 
of the j)articles have l)een <leflected into minute monocUnal folds repre- 
sented by the darker cross lines. In tht^e (toss planes also porphyritic 
biotites have developed with their longer diameters parallel. The rock has 
two cleavages, one (Conditioned by the ]»revailing dimensional arrangement 
of the minute partic'les and tlu^ <^>ther conditioned by the planes of weak- 
ness along the axes of the minute monoclinal folds crossing the prevail- 
ing cleavage. The first cleavages is flow (rleavage developed in normal fashion 
during rock flowag(^ and tlu> second is of the nature of fracture cleavage 
develojx'd later along s(q)arat(Ml slnniring phuu^s in the zone of fracture or 
in the zone of com]>ined fracture and flowage. The rock cleaves into paral- 
leloj)iped bUxrks. 
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PLATE XVI. 

SCHISTOSE MARBLE. 

Photograph of schistose marble from Talledega Mountain, Georgia. Specimen 25874. 
The rook is made up of minute granules of calcite showing dimensional parallel- 
ism, as illustrated by fig. 19, p. 41. There is no parallelism of the crystallographic 
properties of the calcite particles. The parting is determined by the plane of the 
greatest and mean axes of the parallel arranged granules. 
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PLATE XVII. 

CLKAVA(}H HAN 1)8 IN ORDOVICIAN SLATES AND PARALLEL QUARTZ 

VEINS IN CAMBRIAN SLATE. 

-.1.— Clravttge )>aiidH in Onlovician slate, from Rupert, Vt. After Dale (fig. B of PL 
XXX, of pt. 3 of the Nineteenth Ann. Kept U. S. Geol. Survey). The 
niat^'rial of thiH rock was originally nearly homogeneous, and the original bed- 
ding rrosses the cleavage Iwnds. The softer bands which have been eroded 
out are deHcribe<l by Dale as zones along which slip cleavage (here called frac- 
ture cleavage) has developed. The characteristic occurrence of the slip or 
fracture cleavage in well separated planes is to be noted. 

B. — Parallel quartz veins in Cambrian slate, from Hampton, N. Y. After Dale 
(fig. A, of PI. XXXII, of pt. 3 of the Nineteenth Ann. Kept U. S. Geol. 
Survey). The veins represent planes of parting along the flow cleavage 
which by their (^mentation have yielded what is here called fracturo cleavage. 
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PLATE XVIII. 

SPECIMENS ILLUSTRATING FRACTURE CLEAVAGE. 

A. — Fracture cleavage develoi>e(i by the cementation of fissility openings. From 
Cireat Baffin, furnished by G. K. Gilbert. Specimen No. 42633. The rock 
lias ])een separated into a series of parallel slices and has been subsequently 
cemented by tlie infiltration of calcite. The rock now has a capacity to part, 
or fracture cleavage, parallel to the calcite veins. 

J>. — Frac'ture cleavage in schistose marble. Southern Appalachians. Specimen No. 
8. 2. F^ch of the bends is made up of one or few calcite individuals with 
dimensional but not crystallographic parallelism. It will be noted that the 
individual bends commonly narrow and feather out. The intervening dark 
material is chlorite and mica, developed along planes of slipping. The close- 
ness of the planes of parting is rather exceptional. It is to be noted, however, 
that tliey are definite in number and separated by zones of distinctly noncleav- 
able material. 
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PLATE XIX. 

SPECIMENS ILLUSTRATING FRACTURE CLEAVAGE. 

A. — Fracture cleavage developed by the cementation of fissility openings. From the 
Vermilion district of Minnesota. 8iHH'imen No. S. 14. This is from an Archean 
JHHp<'r formation which has l)oen much broken l)y fracturing. The closely- 
sipaced parallel fractures in three sets have l)een cemented by the infiltration 
of quartz and now remain as potential planes of parting. 

B. — Fracture (cleavage developed by the cementation of lissility openings. From the 
Vermilion district of Minnes(jta. 8ix*cimen No. S. 9. Fracturing has occurred 
along one set of planes, followed by the infiltration of quartz. The rock has 
then l)een fractured and faulted again in planes crossing the first formed 
fractures and these fractures in turn cemented. 
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PLATE XX. 

SPECIMENS ILLUSTRATING FRACTURE CLEAVAGE. 

A. — Fault-slip clcavaj^e in gneiss from southeni Appalachiang. Specimen No. 25602. 
The jrneiss has l)een closely crenulated and the minute folds may be observed 
to pass into minute faults which now represent planes of fracture cleavage. 
The faults may hav(» Ix^en cemented or may have been welded by actual pres- 
sure. Parallel to the faults there has also been develoiKid a parallel arrange- 
ment of the mineral particles, perhaps due in part to the slipping along the 
fault planes, and it is exceedingly difficult to distinguish between the fracture 
cleavage and the flow cleavage. 

7). — Schist fr^)m Taconic Range, showing minor folding grading into fault-slip cleav- 
age. After Dale (PI. XIV, B, Nineteenth Ann. Kept. U. S. Geol. Survey, pt. 3). 
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PLATE XXI. 

SPECIMENS ILLUSTRATING FRACTURE CLEAVAGE. 

A. — Fault-slip cleavage develoiMnl in schist. From Marquette district of Michigan. 
SiKH'inien No. 42017. The schist has lK»en closely crenulated and minute folds 
may l>e seiMi to pass into faults. The rock (ileaves pamllel to the prevailing 
schistosity, marked by the longer diameters of the particles; it also cleaves 
I)arallel to the limbs of the minute crenulations and parallel to the faults. So 
far as the cleavage is j)arallel to the faults, it may be said to be fracture cleav- 
age; so far as it is parallel to the longer diameters of the particles on the longer 
limbs of the minute folds parallel to the faults, it may be said to be flow cleav- 
age, conditioned by minor bends in the prevalent parallel arrangement of the 
mineral particles. The rock then shows a fracture cleavage grading into a 
"false" cleavage along minute folds, both superposed upon an earlier cleav- 
age marked by the prevalent schistosity of the rock mass (pp. 132-133). 

/>. — " Micaceous hematite." From the I^ke Superior region. Specimen No. 26730. 
Parallel hematite flakes give the prevailing cleavage to the rock. Minute 
crenulations in this parallel arrangement afford planes of weakness which favor 
cross breaking. The term false cleavage has been applied to such a cross 
structure (pp. 25-26, 132-133). 
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PLATE XXII. 

SPECIMEN SHOWING BOTH FLOW CLEAVAGE AND FRACTURE CLEAVAGE 

IN THE SAME BLOCK. 

Slate from Somerville, Mass. The flat upper surface represents a plane of parting 
along flow cleavage parallel to the longer diameters of the constituent particles, 
and the ends and sides of the block represent parting along fracture cleavage 
independent of any parallel arrangement in the block. The block will cleave 
into smaller blocks of similar shapes. 
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PLATE XXIII. 

Sl'KCIMEN SIIOWINC; BOTH FLOW CLEAVAGE AND FBAGTUBE Ca[iEAVAGE 

IN THE SAME BLOCK. 

r»l«K'k of jrrec'ii w*liist showinj^ ]H»th flow cleavage aiid fracture cleavage. From 
MciiomiiH'e <liHtri(.'t of Michigan. SiM»cimen No. 25664. The flat upper surface 
(the plane of the i)a^e) rcpresentn a plane of parting along flow cleavage parallel 
to the longer <lianiet('rs of the constituent i)article8, and the ends and sides of the 
))lock represent parting along fracture cleavage independent of any parallel 
arrangement in the block. The block will cleave into smaller blocks of similar 
Hha])es. 
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PLATE XXIV. 

SPECIMENS ILLUSTRATING PARALLEL ARRANGEMENT OF FELDSPARS IN 
ROCK MASSES WHICH HAVE NOT UNDERGONE SECONDARY ROCK 
FLOWAGE. 

-1.— Gabbro from Westport, N. Y. Specimen No. 18242. The feldspars have 
tabular development parallel to the brachypinacoid, and lie in the rock not 
only with their tabular brachypinacoidal faces parallel, but with their basal 
cleavage faces parallel, as shown by the reflections of the basal cleavage faces. 
The feldspars are for the most part twinned parallel to the brachypinacoid, 
and the twinning plane thus bisects the basal cleavage plane parallel to its 
longest axis. 

It. — Nepheline-syenite from central Wisconsin. After Weidman. (Bull. Wis. Geol. 
and Nat. Hist. Survey, in preparation. ) The light colored protruding ridges 
represent feldspar crystals with an arrangement almost identical with that 
described for A. 
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PLATE XXV. 
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PLATE XXVI. 

SPECIMEN SHOWING ELONGATION OF PEBBLES IN THE PLANE OF 

ROCK CLEAVAGE. 

A. — Schist-conglonierate. From Black Hills, South Dakota. Specimen No. 14818 
The long(»r diameters of the (i|iiartzite pebbles may be seen to lie parallel 
This is due to the compression which the rock has undergone. 

/>. — Same, on opposite side of specimen. This side of the specimen has been com 
pressed so closely and the pebbles so extremely elongated that they an 
almost indistinguishable. The parallelism of the cleavage with the longej 
diameters is marked. The rock cleavage follows not only the longer diameters 
of the elongated pebbles, but occurs within the pebbles themselves parallel tc 
the elongated diameters. 
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PLATE XXVIT. 

-I'K« IMKN- -HoU'lXr (MUhTmKTKU I'KBBLK AND PEBBLES EIX>NGATED 

IN THE PLANE OF RDTK CLEAVAGE. 

I « ir«-«'r.-ti.i..- im-\,\>U', iiiiili.<«tiirti'«l. in »iii [in*-(.anibriari 4-ongloDierate. Pine River. 

'A'i-i-..ij-in. '•|-i-irM»'!j N«». 4'v**ln. 
/;. ' lM-t«.rti-il jK-MiU--. fniifi pri'-CaiiiKriafi o »iurlonierate. Pine River, Wisconsin. 
•*IM-i ifii#-ri N«». 4'>Hin. Th*- thittciiiii^ of the i»eM»lei« was accompanied by 
«l«\»l'.|»rii»nt «if an fX«vll«Mil i-lfavaia* in the matrix |iarallel to the longer 
«iiarii<t«T* of th** |ichhlf<. Tht* weathering; out of thii* matrix has luade it 
|M»— iM»- T«. r«-<'M\«T t!i«' ♦•lMri^at»*<l p«*h)>Ie in thij* condition. The pebbles* 
tlM'tii-M'K*'?. h:iv»- tlifir iiiincnil rori.**titiienb« elongated in the same directions, 
au'l th»' jH'hMey, a.«< well it< the matrix, eleave rea<lily parallel to their longer 
• litMeri-*i'Mi-. There is n«> iM»Hsi)«lity that the clea^•age of the pebbles was 
l»re>«nt lM'f<»re the <«»ii^loriierate wa.< ilefoniKnl, for in this case the cleavage 
of all th«- iiel)l)IeH would not ))e sf» strictly parallel to eairh other and to the 
rlejujitre «,t the matrix. In // the flatne** and cleavage of the specimen are 
normal to tli*- plane of the pa^e. In Cthe flatness and cleavage are parallel 
to the planr of the pa^e. 
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in sediments, parallelism in 144 

processes arranging 78-80 

Mica i)lates, arrangement of, figure show- 
ing 25 

Mica-schist of Black Hills, ottrelite in, ar- 
rangement of 44 

Micro-cleavage, definition of 17 

Mineral crystals. See Crystals, mineral. 

Minerals, arrangement of 24-48, 96-97 

arrangement of, original cleavage due 

to 143 

production of 65-95 

relation of flow cleavage and 49-64 

arrangement in, processes of 78-92 

effect of, on flow cleavage 51-64 

summary of 63-64 

recrystallization of, order of 93-95 

relations of, during deformation 114 

relative abundance of 145-146 

relative importance of, in producing 

flow cleavage ^ 50-6 1 
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Molecular attraction, relations of flow 

cleavage and 99-101 

Molecular sliape, relations of recrystalliza- 
tion an<l 97-99 

Muscovite, biotite,and <iuartz, juxtaposition 

of, figure showing 27 

Muscovite in mica, arrangement and di- 
mensions of 28 

N. 

Nepheline-syenite, feldspars in, arrange- 
ment of 39 

with parallel feldspar, plate showing. . . 204 

Nicolson, J.T., on cleavage 14,16-17 

photomicrograph from 186 

Nicolson. .1. T., and Adams, F. D., on flow 

of marble 89 

O. 

Original cleavage. See Cleavage, original. 
Original structure, synonymous names for. 11 

Ostwald, W., on granulation 76 

Ottrelite, arrangement and character of... 44,61 

effect of 61 

Ottrelite-schist, ottrelite in, arrangement of. 44 



Parallel arrangement. See Arrangement, 

parallel. 
Parallelism. See Arrangement, parallel. 

Pebbles, distortion of 102-104 

elongation of, figure showing 103 

plate showing 208, 210 

undistorted, plate showing 210 

I^egmatite, parallelism and cleavage in 149, 

150-151 
Perthite, parallelism and cleavage in . 149, 150-151 

Phillips, John, on cleavage 14, 18 

Pierce, C. S., on strain 109,110 

Plane-parallel flow cleavage, plates show- 
ing 158,164 

Porphyritic constituents, development of, 

photomicrograph showing • 182 

Pressure, effect of, on rotation 71-72 

effect of, on solution and crystalliza- 
tion 68 

relation of cleavage to direction of, liter- 
ature on 18-19 

Pressure, differential, relation of flowcleav- 

ageand 138-139 

Protoclase, definition of 12 

Pure shear, definition of 110 

See also Strain, irrotational. 
Pure shortening. See Shortening, pure. 

Q. 

Quartz, arrangement and occurrence of. . 31-35, 54 
comparison of feldspar, mica, horn- 
blende, and 45-46 

comparison of mica, hornblende, and.. 34-35 

crystallization in 93, 94 

effect of, on form of cleavage . 54-55, 63, 100-101 

granulation of, figure showing . 33 

in sediments, parallelism in 144 

photomicrograph of 178 

])rocesses arranging 82-86 
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Quartz, recrystallizatlon of, photomicro- 
graph showing 178 

slicing of, figure showing 32 

veins of, in Cambrian slate, plate show- 
ing 190 

Quartz, biotite, and muscovite, juxtaposi- 
tion of, figure showing 27 

(inartzitic pebbles, elongation of, figure 

showing 103 

tinartz-i)orphyry, photomicrograph of 178 

R. 

Reade, T. M., on cleavage 14 

Reade and Holland, on cleavage 93 

Recrystallizatlon, effect of granulation on . . 76 

order of 93-95 

photomicrograph showing 1 78 

predominance of 92-93 

See also Crystallization. 

Rhyolite-gneiss, plate showing 180 

sliced feldspar in, figure showing 38 

Rift. Sre Cleavage, fracture. 

Rock cleavage. See Cleavage. 

Rof'k flowage, relations of stress and strain 

to flow cleavage and 112-118 

Rock masses, elongation and shortening of, 
relations of flow cleavage 

and 102-108, 1 12 

elongation and shortening of, rela- 
tions of stress and 109-118 

K( )('k specimens, sources of 20-21 

Kocks, deformation of, cause of 65-6('> 

susceptibility of, to flow cleavage 50-51 

Rocks, cleavable, arrangement in, summary 

' of facts concerning 45-48 

internal structure of 96-101 

Rotation, character and effects of 66-r)7, 71-74 

criteria for determining existence of. . . 73-74 

diagrams illustrating 72, 73, 117 

effect of granulation on 76 

'importance of 92 

parallel arrangement due to 137 

Rotational strain, definition of 109 

Srr (dKo Strain, rotational. 

S. 

Schist, cleavage in, plate showing 196, 198 

feldspar crystals in, arrangement of . . . 36 
fracture and flow cleavage in, plate 

showing 202 

Schists, chloritic, sliced feldspar in, figure 

showing 38 

Schists, hornblendic, photomicrographs 

of 166,168 

plate showing 164 

Schists, micaceous, photomicrographs of . 160,162 

plate showing 188 

sliced feldspar in, figure showing 38 

Schists, micaceous and quartzose, photo- 
micrographs of 172, 174, 176, 184 

Schist-conglomerate, elongated pebbles in, 

plate showing 208 

feldspar in , figure showing 38 

Scissi<ni, delinitionand discussion of 110-111 

Sec also Strain, rotational. 
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Secondary cleavage. See Cleavage, second- 
ary. 
Secondary structures, cause and names of . . 11 
Sederholm, J. J., on distortion of pebbles. . 102 

Sedgwick, Adam, on cleavage 13, 15-16, 18 

on crystallization 141 

Sediments, cleavage in 143-146 

cleavage in, plate showing 206 

weakness of, along certain layers. 143, 144, 146 
Sericite, development of, figure showing. . . 79 

Sharpe, Daniel, on cleavage 13, 16, 18 

on crystallization 141 

Shear, pure, definition of 110 

See also Strain, irrotational. 

Shear, simple, definition of 110 

See also Strain, irrotational; Strain, ro- 
tational. 

Shearing stress, definition of lU 

Shortening, rotation accompanying, figure 

showing 72 

Shortening, pure, definition of 110 

diagram showing 110 

See also Strain, irrotational. 
Shortening and elongation of rock masses, 

relation of flow cleavage to.. 102-108 

relation of stress to 109-118 

Sillimanite, arrangement and character of. . 45,62 

effects of 62 

Simple detrusion, definition of 110 

See also Strain, irrotational. 

Simple shear, definition of 110 

See also Strain, irrotational; Strain, ro- 
tational. 
Slate, false cleavage in, photomicrograph 

showing 184 

fracture and flow cleavage in, plate 

showing 200 

fracture cleavage in, figure showing . . . 120 

grain of, cause of 133 

Slate, Cambrian, quartz veins in, plate 

showing 190 

Slate, Ordovician, cleavage in, plate show- 
ing 190 

Slaty cleavage. See ('leavage, slaty. 

Slicing, character and effects of 75-76 

effect of, on arrangement 92 

figure showing 30, 32, 38, 39 

parallel arrangement produced by . . . 137-138, 

141-142 

photomicrograph showing 178 

plate showing 180 

Slip cleavage. See Cleavage, slip; Cleav- 
age, fracture. 

Solution, effect of temperature on 67 

Sorby, H. C, on cleavage 13, 

14,16,17,18,120,140,142 

on crystallization 141 

Staurolite, arrangement and character of. 43-44, 

60-61 

crystallization in 94 

effects of, on form of cleavage 60-61, 1 01 

processes arranging 91-92 

Strain, discussion of 109-111 

effect of, on crystallization 69 

relation of rock flowage and flow cleav- 
age to stress and 112-1 18 
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Strain, relation of streis to 112 

Nft-a/iio Shortening, pure: Sfiwion. 

strain, irrotational, definition of 109 

diagram showing 110 

flow cleavage during, development of. 112-113 
fractures resulting from, character of . 121-122 

Strain, rotational, definition of 109 

diagram showing rotation of particle 

during 117 

flow cleavage during, development of. . 113 
fractures resulting from, character of . . 122 

Strain ellipsoids, causes of 110-111 

definition of 109 

equivalence of different forms of, dia- 
gram showing Ill 

theoretical position of 129 

Strain-slip cleavage, definition of 120 

See idso Cleavage fracture. 
Stress, axes of, definition and discussion of. Ill 

eflfects of, on flow cleavage 113-1 14 

relations of, to elongation and shorten- 
ing of rock masses 109-118 

relations of flow cleavage and ... 109, 112-118 

relations of fracture cleavage and 121-124 

relation of rock flowage and flow cleav- 
age to strain and 112-1 18 

relation of strain to 112 

Stress difference, definition of Ill 

Structure, internal, of cleavable rocks, ob- 
servations on 96-101 

Structures, original and secondary, cause, 

names, and comparison of 11 

T. 

Tait, P. G., on strain 109,110 

Talc, character and arrangement of 42 

effect of 59 

Temperature, effect of, on solutions G7 

Terms pertaining to cleavage, application of 12 
Thompson, William, on strain 109, 1 10 
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Tourmaline, arrangements and character of 43, 60 

crj'stallization in 94 

effect of. on form of cleavage 66, 101 

processes arranging 91-92 

Tremolite, crystallization in 93-94 

effect of, on form of cleavage 59-60, 101 

occurrence, character, and arrange- 
ment of 42, 59-60 

processes arranging 90-91 

Tyndall, John, on cleavage 13, 15, 18 
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ritimate-structure cleavage, definition of. 

V. 



17 



Van Hise, C. R., acknowledgments to 21-22 

illustration from paper by 103, 206 

on chlorite 40 

on cleavage 14-19, 120, 123, 124, 140 

on crystallization 67-69, 141 

onfissility 142 

on granulation and slicing 141-142 

on order of crystallization 94 

on recrystallization of calcite 90 

on rock deformation 66, 104, 105, 106 

on strain 109, 110 

Volcanic textures, distortion of, relation of 

flow cleavage to 102,104 

W. 

Water, work of, in crystallization 67-68 

Wausau, Wis., feldsimrs in rock from, 

arrangement of 36-37 

Weidman, Samuel, acknowledgments to. . . 22 

on feldspar rock 36 

photograph from 180, 204 

Wisconsin, University of, material supplied 

by 20-21 

Y. 
V» »ung, Thomas, on strain 109, 110 
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